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ABSTRACT

A new model for spatial distributions of reflectivity in storm cells has been fitted to
digital radar data from the National Severe Storms Laboratory (NSSL) in Oklahoma for
May 1968 and from the MIT Lincoln Laboratory in Massachusetts for July 1970. The
NSSL data were taken with a modified WSR-57 weather radar with 2.6-km resolution.

The NSSL data consisted of modified B-scan records on magnetic tape of storm cells
tracked at 0° elevation for several hours. The Millstone Hill MIT L-band radar with 0.8-km
resolution produced cross-section data on several cells at 1/2° elevation intervals. The model
developed uses ellipses for contours of constant effective-reflectivity factor Z with constant
orientation and eccentricity within a horizontal cell cross section at a given time and eleva- -
tion. The centers of the ellipses are assumed to be uniformly spaced on a straight line, with
areas linearly related to log Z. This asymmetrical model can display the steep gradient in
log Z at some cell aspect found by Shaw and others. All cross sections are similar at different
heights (except for cell tops, bottoms, and splitting cells), especially for the highest reflec-
tivities; wind shear causes some translation and rotation between levels. Goodness-of-fit
measures and parameters of interest for 204 ellipses are considered. The model was found
to be a good representation of the reflectivity and attenuation of intense storm cells, although
more investigation is required of the problem of cell splitting.
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Section 1
INTRODUCTION

1.1 GENERAL

This document is the final report on the storm modeling study performed by Com-
puter Sciences Corp. (CSC) for NASA under contract NASS5-21638. The general problem is
predlctlon of interference between space and terrestrial communication systems caused by
precipitation scattering. Specifics of the problem and the approach to its solution are sum-
marized in the following section, which includes a summary of previous work by CSC in the
field and an indication of work to be done. Other sections present radar data, methodology,
storm modeling, results, and conclusions. It may be noted that the storm models developed
have application to studies of attenuation of radio waves as well as scattering, and also to
various meteorological storm studies and hydrological simulations of the water cycle.

1.2 SUMMARY

To support the sharing of frequency bands by space and terrestrial radio communica-
tion services, the CCIR (International Radio Consultative Committee) has instituted Study
Programme 5-1D-1/35, including the determination of the average distribution in time and
space of observed values of effective scattering cross section per unit volume of precipitation
as a function of height above ground, time of day, season, and climatic region. The observa-
tions used in the present study are digitized reflectivity-factor (Z) data from radars at the
Massachusetts Institute of Technology Lincoln Laboratory (MIT-LL) and the National Se-
vere Storms Laboratory (NSSL). The data are essentially horizontal sections through storm
cells. (See table 1-1.) :

Table 1-1.—Radar and Data Characteristics

Source NSSL MIT-LL
Area Oklahoma New England
Date May 1968 July 1970
Time 1735 to 2020 2310 to 0003
3-dB beamwidth 2.0° 0.7°
Range resolution 2.6 km 0.8 km
Tilt 0° 1°to 5°

1



The approach used was to assume a model, fit it to the data, and compute the error of
fit. The basic model for a contour of constant reflectivity is an ellipse of the same area, as
suggested by Rogers and Rao (ref. 1) as well as Amorocho (ref. 2). The former authors as-
sumed ellipses all of the same orientation, with those in a set for a given cell and height con-
centric but with different eccentricities. The model used here assumes different orientations
for different sets, but the same orientation and eccentricity within a set. Furthermore, the
ellipse centers of a set are assumed uniformly spaced on a straight line. As suggested by pre-
vious work and that of Hudlow (ref. 3), the square roots of the areas within a set are con-
sidered a linear function of log Z. This asymmetrical model can display the discontinuity in
reflectivity at some cell aspect found by Shaw (ref. 4) and Donaldson.!

The assumed model was found to represent the contours of a storm cell cross section
at a given height very well in general. A median error E of 25 percent was found in fitting
individual ellipses to 204 contours:

U-X

E= IOO—T]—

where
U = union, area within either ellipse or contour
X = intersection, area within both ellipse and contour

The median additional error resulting from the constraints of the above assumptions on
ellipses within a set was less than 5 percent. It was found that three horizontal sets, for
heights of about 5, 6,and 7 km, could be well represented by the same set model, so that
the proposed cell model consists of nested, vertical elliptical cylinders, displaced or rotated
at some heights by wind effects, with rounded or plumed tops and flattish bottoms. A typi-
cal horizontal cross section, with log Z considered as a third dimension, is an asymmetrical
elliptical paraboloid.

In spite of displacement and rotation of the basic cylinder at some heights, the peak
reflectivity Z,, and the slope of the fitted linear profile, log Z, /(max area), varied very
slowly spatially from height to height with the MIT-LL data, or from time to time at a given
height with the NSSL data. The samples were too small to establish appropriate storm cell
classes or characteristic parameters for each. However, it appears that the data resolution
was adequate and that the model is a.curate and general enough to describe the intense cells,
which seem to be the most definitely structured. The chief problem encountered was incip-
ient or actual splitting of a single cell at one or more levels.

A comparison was made of the attenuation along paths through the centers of five hori-
zontal sections of one cell (MIT-LL cell A) as observed and as modeled by ellipse sets. The
agreement at three of the levels was excellent, but at two levels it was degraded because the
orientation of the core log Z = 4 ellipse remained relatively constant with height, whereas
the average rotated counterclockwise (ccw). It may therefore improve the model for some

1Ralph J. Donaldson (Air Force Cambridge Research Labs.), personal communication, Nov. 1970.



purposes to use the core orientation for the ellipse set instead of the average of the individual
orientations.

Many more storm cells should be processed to verify the model parameters derived and
to suggest appropriate methods for treating splitting cells, or at least to indicate the magni-
tude of the problem.
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Section 2
OVERVIEW OF STORM MODELING

2.1 INTRODUCTION

In section 1 the broad problem was stated to be prediction of precipitation-scatter
interference. More specifically, it is to predict distributions of effective scattering cross sec-
tion per unit volume as functions of time and space in two scales with different orders of
‘magnitude. Permissible interference is defined in terms of very small fractions of an hour,
and precipitation is known to vary considerably in distances less than a kilometer. So on the
one hand, distributions with resolutions of seconds and meters are of interest; on the other,
these distributions are wanted as functions of season and climate, with scales of months and
hundreds of kilometers. It is not surprising that the solution of this problem is not yet at
hand.

2.2 APPROACH

One possible type of'solution is experimental, the measurement of enough known con-
figurations in enough places for sufficient time. As will be shown, this is impractical even
in a rather trivial case. A more fruitful approach is analytic, to study the nature of the dis-
tributions of interest with a view to relating them to some broad existing data base. The
only available data useful for this approach are radar reflectivity and surface rainfall. Only
weather radars specially equipped for digital storage can provide useful resolution in time
and space, including height, and useful quantities of storm records. (See sec. 4.1.1.) Thus,
for a first approach, Rayleigh scattering is assumed and radar backscatter data are used.
Second, the only data base broad enough in the large scales of space and time is found in the
world’s rainfall archives of approximately a hundred years. Not every country, however, can
match the U.S. hourly precipitation data from gages spaced about 50 km (30 n. mi.) apart in
many areas. Fortunately, the United States is subject to a wide variety of climates, so that
results found should not be difficult to extrapolate to similar climatic regions elsewhere.
Therefore, the problem is resolved into a study of the characteristics of reflectivities aloft
using radar data, of rainfall on the surface, and determining their correlations so that one
may be predicted from the other.

Studies of reflectivity and rainfall require reduction of large volumes of data to a small
number of characterizing parameters. This process can be based on assumption and evalua-
tion of models. (See sec. 4.1.) These models may ultimately be somewhat sophisticated, like
the one for storm cells proposed and given preliminary evaluation in this report. A simple,
yet powerful model developed in earlier work is the linear storm profile stressed in this sec-
tion. In general, a profile is a plot of one variable as a function of another, but such a curve
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may require many parameters or the plot itself for storage and manipulation. It is much more
convenient if appropriate scales can be found for the quantities of interest so that the profile
is, with acceptably small error, a straight line. Two numbers, a slope and intercept or two
intercepts, then characterize the function for efficient storage and simplified usage. The
finding of such useful models is stressed. It will be noted by reference to the literature that
only models involving extensive averaging in time and space, and hence of limited applica-
tion, have been available, and that those found in the previous work (secs. 2.4 and 2.5) and
only recently confirmed by others are in some ways still ahead of the state of the art. Two
applications seem to merit particular attention. The first is the use of a field of rain gages

as a sort of low-resolution radar with hourly scans to provide area sampling that, from pre-
liminary results, would avoid the pitfalls of sampling sparse data at one point only and pro-
vide profiles analogous to those found with radar data. The second interesting application

of the linear profile is to use radar data quantized to a few levels to characterize about a
60-dB range in reflectivity, to derive peak values with a useful degree of accuracy.

2.3 EXPERIMENT VERSUS ANALYSIS

It would seem that storm models could be developed either by experiment or by study,
or perhaps by an optimal combination of studies checked by experiments. However, there
is an inherent danger in relying on experiments based on insufficient sampling of rare events.
This is well brought out by the reluctance of a British expert, E. G. Bilham, to rely on even
50 years of point-rainfall records. He indicates that even decades without intense rains in a
small area are more likely due to chance than to climate and states (ref. 5) that “‘the really
intense rains lasting no more than an hour or two seem to be distributed without regard to
the annual average rainfall.”” The principle involved is not, of course, to avoid experiment,
but rather to avoid reliance on too little data to warrant the conclusions desired. It will be
seen below that this problem is overcome by use of radar or rainfall data from a circle of
about 185-km (100 n. mi.) radius;i.e., area rather than point sampling.

2.4 SUMMARY OF PREVIOUS WORK

2.4.1 Composite Radar Profiles

The earliest extensive body of rainfall reflectivity data was taken at X-band with an
AN/CPS-9 radar at Montreal Airport i.v McGill University’s Stormy Weather Group from
May to September 1963. CSC Report 453340 (ref. 6), prepared under NASA contract
NASW-1216, used this data base and appropriate geometry, often approximate, to develop
the preliminary results for intersecting beams that are reported in CCIR Report 339.
Monthly profiles included all types of rainfall and the underlying assumption was made that
the reflectivity was uniformly distributed;i.e., equally likely to occur anywhere in the 185-km
(100-n. mi.) circle of observation or in the worst month of observation. In spite of some ob-
vious possibilities for error, this was a useful first approach. Unfortunately, McGill’s present
radar is not appropriately equipped to produce digitized data, and early radar data of NSSL
were not satisfactory, although some of those data are considered below and more should
be processed for additional information.



2.4.2 Hourly Radar Profiles

Even though the early NSSL data were not accurate, the errors were apparently sys-
tematic so that many relationships were preserved; the data were used in CSC Report 6012-1
(ref. 7) to derive characteristics of height and reflectivity profiles which have proven useful
as bases for later work. The data used were taken by NSSL using a modified WSR-57 radar
at Norman, Okla., from April to June 1966. As detailed in reference 7, the S-band data were
quantized in square units 2.6 km (1.4 n. mi.) on a side in steps of 10 dBZ (dBZ = 10 log Z)
and were used to produce profiles of height versus the square root of the fractional area
covered by effective reflectivity factor Z above some value, and of log Z versus the same
abscissa. On the scales indicated, the profiles were surprisingly linear and constant in slope
for several consecutive hours. More or less well-separated high- and low-slope categories
were found and tentatively labeled for convenience as convective or continuous, respectively.
Useful correlations were found between the slopes and other parameters of the height and
log Z profiles and in particular between the intercepts of the log Z profiles and the simul-
taneous radar tops (highest echoes within about 185 km (100 n. mi.) at a quarter before
each hour) observed at the Oklahoma City radar of the National Weather Service network.
These findings gave hope that a commonly assumed Z-R relationship, where R = rainfall rate
in millimeters per hour, would provide log Z profiles from surface data, so that with the
heights derived from radar tops and use of two classes of slopes or modes, improved predic-
tions would be possible.

Accordingly, the next stage of the work concentrated on surface rainfall, but two other
matters should be noted before leaving the radar study. First, correlations were found, in a
separate study, between radar tops all over the United States and hourly rainfalls having an
expected 25-yr return period, as found in standard publications. These correlations provide
bases for useful criteria as to minimum permissible heights for intersections of beams of
space and terrestrial communication systems. Second, selected storm cells from similar 1968
NSSL data were used for development of an ellipse-fitting technique, to be covered in more
detail. It was found that the linear profiles of the type mentioned were spurious in convec-
tive cases involving only single or closely similar cells. The simplified early method of line
fitting had obscured a maximum-height cutoff found by another method and recognized as
applicable to single cells.

2.4.3 Rainfall Profiles

In CSC Report 6012-2 (part of Report RC-10245 to the FCC; ref. 8) several types of
rainfall profiles were considered, using standard hourly precipitation data from 30 stations
fairly uniformly distributed within a 220-km (120-n. mi.) radius of Norman, Okla. It was
shown that straight lines generally resulted from plotting cumulative log R distributions ver-
sus the square root of fractional time, or area, or area-time product, such as for 30 stations
during 20 hr in a month. Such area sampling in terms of N, the number of stations reporting
more precipitation than R mm hr~!, exhibited a smoothing tendency explained by two-
dimensional extension of the Nyquist sampling theorem and the relatively stable nature of
the storms as they pass over one station after another. Not only were linearity and stability



found as with radar data, but also the high and low classes of slope. A study of the literature
found agreement with the results of Huff (ref. 9) and Hudlow (ref. 3) as to the suitability of
the log R to the square root of area relationship for durations up to a few hours. However,
Huff used a gage spacing of only about 5.5 km (3 n. mi.) instead of the ordinary widely
spaced data used here. Also, his smaller network with sides 37 km (20 n. mi.) long did not
completely cover the widespread low-slope continuous rain configurations. In Report 6012-2
(ref. 8) one storm that evidently consisted of only a single cell in the whole circle of gages
was found to have the same linear profile against area found from single-cell radar data. Be-
cause of the poor sampling resolution, this profile was relatively inaccurate. The profile was
not checked nor compared with the radar data for the same period.

2.5 STORM CELL CHARACTERISTICS

The elemental storm unit to be modeled is the cell. A basic postulate was assumed from
observation that even though rainfall may be found in any and all configurations, the high-
intensity, high-extent cells of most importance result from organized activity, such as in
the supercell discussed by Browning (ref. 10) and others. Thus order may be found where it
is of most interest. The ellipse was assumed for the basic shape of a contour of constant re-
flectivity, in the horizontal plane, as was done by Rogers and Rao (ref. 1), providing more
flexibility than the circles used by Dennis (ref. 11). The assumptions used here regarding rela-
tionships between contours are related to those of Rogers and Rao as shown below:

Assumption Rogers and Rao Altman
Elliptical shape Yes Yes
Same eccentricity No Yes
Same orientation All All in a set
Same centers Yes No

Although Rogers and Rao assumed concentric ellipses, in this report the centers of the
ellipses in a set for different values of Z at a given time and elevation are assumed to be uni-
formly spaced on a straight line. This is in agreement with the data and results of Shaw
(ref. 4) and of Amorocho (ref. 2).

The remaining factor required te define the model is the relationship of the area within
a contour versus log Z at the contour, which gives linear profiles. It was noted previously
that the general relationship found in CSC Report 6012-1 was linear for log Z versus the
square root of the area. However, for single cells, the abrupt changes of log Z normally found
at one aspect of the cell in the raw data, and confirmed by meteorologists experienced in the
field, could only imply linearity of log Z versus area, or length squared, a parabolic function.
This was also found, as noted, with rainfall data in the case of a single-cell storm. Therefore,
it has been concluded that isolated cells or complexes of closely similar cells exhibit profiles
linear with area, and that aggregates of dissimilar cells exhibit profiles linear with square root
of area. The synthesis of an aggregate from individual cell profiles has not been, but should
be, attempted.



The data bases used for the present study of cell characteristics have been given in table
1-1. Results from NSSL data were obtained by the author in a previously unreported study.
The study reported here, based on a small amount of data from these two sources, showed
the utility of the model assumed and validated its correctness for a set of ellipses at a given
time or tilt angle. But the limited data provide only preliminary notions as to the nature of
time or space ensembles. It appears, reasonably, that the ellipse parameters vary only slowly
from time to time at a given elevation, but vary considerably with height in a single cell be-
cause of the change with height of the winds aloft. At present, the best cell model appears
to be one of substantially vertical elliptical cylinders, with portions displaced and rotated
somewhat by wind shear, and with rounded tops and flat bottoms. Configurations at cell
birth, death, and splitting will require more data and study.

2.6 WORK TO BE DONE

Now that radar reflectivity, surface rainfall profiles, and cell characteristics have been
studied separately, it is important to establish the relationship between peak surface rainfalls
and peak reflectivities aloft. This relationship—

(1) Is complex because rain may not fall until late in the storm life cycle and will then
be strongly localized in time and space

(2) Has been obscured by the usual averaging in time and space

(3) Should be studied with profile technique using both slopes and intercepts, which
is more powerful than using averages alone

NSSL radar data and Agricultural Research Service (ARS) rainfall data from the same area
in Oklahoma are at hand for April and May of 1969 and available for the same period of
1970. The radar outputs have a resolution of 1.85 km (1 n. mi.), with tilted antenna data to
indicate vertical structure. The ARS network comprises about 200 stations on about 5.5-km
(3-n. mi.) centers, providing an unusually large, dense system. The profile techniques already
“developed, and described above, should be used to establish detailed space and time correla-
tions between peak surface rainfall and peak reflectivity aloft to facilitate prediction of pre-
cipitation scatter interference.

As the CCIR sharing criteria permit harmful interference no more than about 0.01 per-
cent of the worst month, it is clear that rare events such as storms associated with floods are
included, so that methods used in their prediction should be of value. In fact, Bitham and
other U.K. and U.S. hydrologists use statistics of extreme values. It is not generally realized
that extremes can be more valuable predictors than medians. Further study in this area may
be profitable. ’

Several items suggested by work done in previous studies were noted previously and are
summarized here:

(1) Thelinear log R to the square root of the area cell profile found in CSC Report
6012-2 (ref. 8) should be checked for accuracy against radar data and the exercise



repeated for other similar data to establish the utility of surface data from normal
widespread low-resolution gage networks. If the ARS-NSSL comparison proposed
above is performed, the high-resolution ARS network can be progressively de-
graded by omission of alternate stations to produce even more valuable resuits.

(2) The synthesis of aggregate profiles from individual cell profiles should be studied
to confirm the compatibility of the two profile relationships found in previous
studies.

(3) The data base of cell characteristics should be extended far beyond the few cells
considered here, which are too few to support any sound conclusions. Because it
has been found that useful accuracy can be obtained from coarse data by the pro-
file technique, several years of NSSL April-May data should be processed to insure
that the assumptions used here apply to at least the most intense cells and in un-
usual circumstances. The incidence of splitting should be noted, and if it is found
statistically frequent, attempts should be made to model it usefully. Cell sorting
could be automated, and statistical summaries of parameters of most interest
should be programed.

10



Section 3
DIGITIZED RADAR DATA &

3.1 INTRODUCTION

Before describing in detail the two types of digitized radar data used for this study, it
is necessary to establish a uniform nomenclature. This is done with reference to figure 3-1.
A header line carries a date-time group and other items, {gllowed by a data sequence, a term \
used loosely here. The data lines are called records, made up of boxes, each containing a
single-digit value of reflectivity factor Z. As the digit /may represent Z linearly or logarithmi-
cally, the term “intensity” is used for the digit in/general. The contiguous group of records
making up a cell, or occasionally two cells or a configuration about to split or otherwise
irregular, is called a block. A group of blocks for a given time and tilt, such as the top two
in the figure, is designated a quadrangle or quad.

3.2 NSSL DATA

The weather radar data system at the NSSL has been described by Wilk et al. (ref. 12)."
It is based on the WSR-57, the standard weather radar of the National Weather Service, which
has the following characteristics—

Wavelength ‘ 10 cm

Peak power 450 kW
Pulse length 4 us

Pulse repetition frequency 164 s71
Minimum detectable signal -110 dBmW
Beamwidth 2°

Antenna gain 38.5dB

Azimuthal scan rate 2 rpm for PPI displays
: 0.4 rpm for magnetic tape recording

It has been modified by addition of digital video processing equipment including the Lher-
mitte integrator developed at NSSL. Lines with reflectivity of log Z = 4 or greater from the
data recorded on magnetic tape, provided by Kathryn Gray of NSSL, are displayed in fig-
ure 3-2. Each sequence starts with a month-day-year-time group and initial range, incremen-
tal range, and tilt angle in degrees. The reflectivity data follow in rotated B-scan format
(bearing vertical, range horizontal). The first three digits of each line are the azimuth of the
2°-wide antenna beam. The following 77 digits O to 5 represent the average log Z in “boxes”
2° wide and 2.624 km (1 range unit (RU) or 1.417 n. mi.) long. The 77 RU’s extend from
26.28 to 228.4 km (14.19 to 123.3 n. mi.). Angles are computed on a grid with spacings of
1° by 1 RU, so they are true at about 150 km (80 n. mi. or 50 RU), near the center of the

11



range. On the printout grid, distances in the azimuth direction are true at about 125 km (67
n. mi. or 41 RU). It should be noted that the B-scan or polar grid is treated as rectangular,
as this is closely true for the small cells considered. The raw data are culled to reduce com-

putational load and noise by removing—

(1) Fixed echoes within certain azimuths and ranges

(2) Azimuths containing only 1’s

(3) Strings of 1’s and single 2’s, isolated within an azimuth

(4) Isolated azimuths

(5) Strings of 1’s and single 2’s, isolated within a range slot

The resulting preprocessed data then\appear as in figure 3-1, ready for ellipse fitting, with a
header for each quad and a separator after each block to define its range limits.

3.3 MIT DATA

The MIT data are from the Millstone Hill L-band radar of MIT-LL, furnished by Dr.
Robert Crane. Table 3-1 tabulates the radar characteristics and table 3-2 shows factors

Table 3-1.—-MIT-LL Radar Characteristics

Frequency
Antenna
Antenna gain
Beamwidth
Polarization

Transmitted power
Pulse length

Pulse repetition rate
Receiver bandwidth
Resolution volume
Data processing

Computer sampling rate
Detection

Dynamic range

System noise temperature

Overall system line losses

Matched filter processing loss
Single-pulse value for unity signal-to-noise ratio

1.295 GHz (23.2-cm wavelength)'

26-m (84-ft) parabola with Cassegrainian feed

46.7 +0.3 dB (“new” subreflector)

0.7° between half-power points

Right-hand circular transmitted

Left-hand circular received

3.3-MW peak (continuously monitored)

124 us

120571

80.5 kHz (12.4-us matched predetection filter)

1° by 1.9 km

Analog-to-digital conversion of sine and cosine
channels every 10 us

20571

Square law by computer operations

80 dB accomplished by combining the output
from two receivers

280 K (includes atmospheric and ground effects
averaged over 0° to 30° elevation angle)

2.8 dB for receiver 1

43.5 dB for receiver 2

1.1dB

-30dBZ at 100 km

12




Table 3.2.—MIT-LL Measurement Accuracy

Absolute Calibration Sample
Measurement accuracy, repeat_ability‘, fluctuation,
maximum, maximum, Tms,
dB dB dB
Transmitter:
Power monitor? 0.2 0.1 0.1
Line loss 1 - -
Antenna: '
Transmit and receive gain 6 - -
Pattern integration A1 - -
Receiver:
Noise tube 3 N -
Calibrate source:?
Power monitor 2 1 -
Attenuator setting — 1 -
Line loss 1 - -
Estimation error for Rayleigh process - — T
Measurement of received-to-transmitted '
power ratio 7 2 7

Ancludes line loss error (maximum) used to transfer readings to reference points.

affecting radar measurement accuracy. Figure 3-3 outlines the region scanned southwest of

the radar in the hour just before midnight of July 29, 1970, during a thunderstorm. The

quads of interest are indicated, as well as typical blocks. Echoes in part of the lower left-hand

quad and part of the one above it are shown with dBZ values in figures 3-4(a) to (i). The

headers show radar tilts or elevation angles from 1° to 5° in 1/2° steps at times from 2310

to 2357 hr. The echoes of most interest are marked A, B, C1, and C2 on figure 3-4(c), show-
ing a scan where all appear.

The computer preprocessing of the MIT-LL magnetic tape record is summarized in fig-
ure 3-5. Briefly, the original tape is reblocked as it is copied and quad maps of log Z are pre-
pared. From the latter, blocks of most interest are selected. These are mapped as in figure
3-6. The boxes are 0.7813 km on a side, with intensities given as log Z to one significant
figure, so that a 4 is used for 4 <log Z < §S. The line or record numbering is arbitrary. On
the corresponding punched cards it is multiplied by 2 for compatibility with the ellipse-fit-
ting program and the 2° azimuths of the NSSL data. Individual cells in a block are selected
and extraneous points are rejected. As shown in figure 3-5, maps and cards are prepared with
intensities quantized on linear thresholds as well as logarithmic. The linear thresholds are
based on the maximum block intensity M as follows:

13



Digit Fraction of maximum intensity M

5 0.8 to 1
4 .6t0.8
3 .4 t0.6
2 2to0.4
1 .1t0.2
0 Oto.1

Arbitrary values of M can also be inserted when a storm cell appears on two quads.

S5 3681735 311. 98. 82. 5l. 8.+ HEADER LINE

$ 114 ccri2ice
11¢ €2233210
11¢ 13444220
120 35443210
122 45433100
124 33332210
126 2112111(1)-— BOX
77171522
130 cti2iice
132 12222111
a 134 23232121
< 136 23332221
3 138 23432221
140 w« 23432221« RECORD
142 O 4433332
144 9 04423371
146 D $3444320
148 Cl444310
150 C0445321
152 CG345431
194 €G234332
156 co124211
15¢ CC033C00
88P1825
S 36€175C 430. l44. 70. 7i. 8.
60 231
62 222
1771618
162 22
1C4 21
7773213
110 c22111
112 €33222
114 144221
116 144322
11e 354322
120 954221
122 444211
124 3441C0
126 1231C0
129 cz21cco
1771722
134 2211CCC0
136 22211110
132 23221110
L4¢ 23222120
147 23222210
144 133322C0
146 24333200
145 24343210
150 34344310
157 14644310
154 04443210
15¢ C24%3221
155 €C34313131

Figure 3-1.—NSSL data blocks.
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Figure 3-3.—MIT-LL radar scan.
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Figure 3-4.—MIT-LL July 29, 1970, radar map. (a) Time, 2310; elevation, 1.0°.
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Figure 3-4 (continued).—(b) Time, 2316; elevation, 1.5°.
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Figure 3-4 (continued).—(c) Time, 2322; elevation, 2.0°.
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Figure 3-4 (continued).—(d) Time, 2328; elevation, 2.5°.
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Figure 3-4 {continued).—(e) Time, 2334; elevation, 3.0°.
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Figure 3-4 (continued).—{f) Time, 2340; elevation, 3.5°.
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Figure 3-4 (continued).—{g) Time, 2345; elevation, 4.0°.
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Figure 3-4 {concluded).—(i) Time, 2357; elevation, 5.0°.
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Figure 3-5.—MIT-LL data preprocessor diagram.
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DATE 72970 TIME 2322BLOCK ORIGINZEX,Y< -120.00, ~73.66
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25 0011000000000000000000000000000000000000000000000000
26 111110000000000000000000110000/1000000000000000000000
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000000000000000000000
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VOO NP N~
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51 000000000000000000000000000000021J000000000000000001

Figure 3-6.—MIT-LL block map.
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Section 4
STORM MODELING METHODOLOGY

4.1 INTRODUCTION

4.1.1 General

Storms have been characterized by profiles that have been produced and used by hy-
drologists for many years, as discussed quite generally by Court (ref. 13). These profiles are
usually averaged over many hours and are not accurate enough for more than rough calcu-
lations. As Eagleson (ref. 14) says on page 196 of Dynamic Hydrology:

Except in the most simple cases, it is usually quite difficult to deduce an ac-
curate lagrangian description (i.e., relative to the translating fluid) of a mesoscale
disturbance from an array of eulerian (i.e., fixed-point) measurements. However,
this lagrangian description is essential to the further understanding of storm struc-
ture and to the improvement of generalized methods for hydrologic forecasting.
... Weather radar studies of storm structure should ultimately provide the desired
lagrangian data.

As noted in the previous section, weather radar data are being used for this study. How-
ever, it is not just an accurate description that is being deduced but a model—a simplified
description expressing a large quantity of data with a few parameters preserving the essential
characteristics of the storm cells. The development of such a model can be considered as
several separate problems.

4.1.2 Contour Model

The basic data configuration is the contour around the area within which the reflectiv-
ity is higher than some level, say log Z = 4. The first problem, which is not considered here,
is to isolate such contours from other contours of equal interest and from those of lesser
interest which represent only computational noise. The second is to select the basic shape to
fit a contour of interest. Dennis (ref. 11) used the circle as a useful first step. Court sug-
gested (ref. 13) the ellipses of the bivariate normal distribution, followed recently by
Amorocho (ref. 2). Rogers and Rao (ref. 1) used ellipses, as will be described. A sample of
151 ellipses fitted to log Z data is discussed in section 7.3.1, and the median error is found
to be near 20 percent. Thus the selection of the ellipse seems justified. It also seems clearly
preferable to the circle in view of the elongated shapes that were found, with minor/major
axis ratios as low as 0.1. v

L’)J‘%‘EUELLNG [N
P bLang NP
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4.1.3 Set Model

Fitting an ellipse is a two-dimensional problem, but each storm cell cross section or
sequence may have up to five contours for different values of log Z, so fitting these may be
considered a three-dimensional problem, with log Z as the third dimension. One objective
is, of course, to find simple relationships between the ellipses to reduce the total number of
descriptive parameters. The bivariate normal distribution suggested by Court is a possibility,
but its spread at low values does not fit the data, so Amorocho (ref. 2) used only the upper
portion. Rogers and Rao (ref. 1) also assumed concentric ellipses of constant orientation,
but with variable ellipticity. The model assumed here and justified later uses constant ellip-
ticity and orientation, but ellipse centers are uniformly displaced along a straight line. Two
functional relations between Z and area have been tried, log Z versus area and log Z versus
square root of area.

4.1.4 Four-Dimensional Models

The above models may add a fourth dimension in two ways considered here. The NSSL
scans at 0°-tilt angle are repeated at intervals of 15 min. MIT-LL scans for several tilt angles
in a single cell involve log Z or Z as a function of the usual three dimensions. Thus ellipsoids
could be fitted, but the variations of wind with height would shear the ellipsoids so that a
piecewise approach is preferable. It is found that several tilt sequences (roughly the same as
heights) may be considered as identical, forming a family of approximately concentric ellip-
tical cylinders with a different family above some height. Another reason for not using el-
lipsoids is the anomalous nature of the top and bottom of a cell, frequently with a plume at the
top and an irregular bottom. One unsolved problem that should be mentioned is that of splits.
Cells often split into two after developing a second nucleus, assuming intermediate config-
urations that are not well treated by arbitrary division into one or two cells. At the least, it
must be decided by characterizing many more cells whether this phenomenon is statistically
significant.

4.2 FITTING ELLIPSES

The problem of finding the best fit line to an irregular cluster of points, (¥ i=1,
n, is an old one in the field of statistics. Usually the regression line of y on x, y = ax + b, is
found. Suppose the regression of x on Y, x =a'y + b’, is also computed. By rearrangement
1 b
yE—x-=
a
leading one to expecta = 1/a’ and b = -b'/a’, which is generally not the case. This is of little
concern in the usual applications of regression lines, but when ellipse axes are being sought
that will (in some sense) best fit the scatter of points, more symmetry is required than the
regression lines are capable of giving.

. It is known that any pair of coordinate axes (u, v) will exactly split the scatter plot
into equal halves if their origin is the center of mass. The problem is determining which co-
ordinate system will equalize the points among its quadrants. It is a fact that such a
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coordinate system cannot have a regression line as one of its axes, so a different approach
must be taken.

Consider the covariance matrix

)
zyi'xi zylz

in which ¢, =02, 0,, = oﬁ, and 0,, = 0,,. For an elongated, tilted scatter plot, there may
be more points in the first and third quadrants than in the second and fourth. Hence, for

012 =2 XY

there will be more products of like sign (yielding positive terms) than of unlike sign (yield-
ing negative terms). Therefore, 05 # 0. Clearly the coordinate system (u, v), to equalize

’

the points in its quadrants, will have o, , = Zu,;v; = 0.
Expression of (ul., vl.) in terms of a rotation of (x;s yl.) yields
u; =x;cosd +y,sinf
v, =-Xx;sinf +y, cos 0

Substitutibn into the expression for I" gives the rotated matrix

11 12
=
! '
921 922
2
B Zu,- X"
- 2
Zviui Zvi
2 .2 - 2 1 _ :
0,4 COS 0+022 sin 0+01231n ] /z(o22 011)s1n26+012cos26
=
1 _ . N 2 . 2 '_ .
V2(0,, - 0,,)sin 20 + 0, , cos 26 0y, sin” 8 +0,, cos® 0 - g,, sin 20
Since 0, = 0’ ,, the 0 value needed to make o), =0, makes ¢} , = 0 also. The degree

of symmetry required is an orthogonal rotation of axes to equalize quadrants. This approach
also works in three or more dimensions, because the covariance matrix is always symmetric.
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Of course, a suitable § may be found by solving for 032 =0, or

20
0 =l arctan 12
2 011~ 922

But this technique is useful only in two dimensions. In more dimensions at least three angles
are involved, and the formulas become much more cumbersome. To gain insight into a more
general method, matrix algebra may be used. If two matrices A and B are related by

A = PBPT

where P is an orthogonal matrix and 7 denotes transposition, then determinant A = deter-
minant B; A and B have the same eigenvalues; and the eigenvectors of B and A are identical.
In particular, if A is diagonal, then the eigenvalues of B are the diagonal entries of A and the
eigenvectors of B are orthogonal. For the scatter plot considered, the rotation of axes is an
orthogonal transformation and the (u, v) axes lie in the unique positions of the widest and
narrowest spread of the scatter plot. Hence, the question arises of whether this relationship
holds between I', I'', and the orthogonal rotation matrix

cos 0 sin 6
R=
-sin 0 cos 0

The answer is affirmative, because a matrix multiplication will verify that

I' = R[R7

Now eigenvector techniques may be brought to bear on the problem. A method that
will produce the eigenvalues and eigenvectors of a matrix will give the o;i values and the
actual axes of the coordinate system that equalize the quadrants. The U;i values, being vari-
ances, indicate the spread of the points along the new axes. To find the axis of the widest
spread, the eigenvector of the largest eigenvalue (largest o ) is used. To find best-fit ellipses,
semimajor and semiminor axes are chosen proportional to the values o; —\/_ (standard
deviations) and with values such that # times their product equals the area being fitted.

An illustration of the above remarks is afforded by the bivariate normal distribution
suggested by Court (ref. 13) and applied by Amorocho (ref. 2). Its density is given by

(1/2m0,0,1/1- p}) exp { - [(x/0,)? - 20(x/0,)/0,) + B/lo adl
2(1 - p?) '

where the correlation coefficient p = o, y |o <0y Points of equal probability density lie on
‘ellipses

X X
- g, X L2
XX Uxx ny Uyy



where K > 0. These ellipses have the same shape as an ellipse with semiaxes o, and o, and
their orientation 0 with respect to the (x, y) coordinate lines may be found from these

formulas.

The error of fit for two figures of the same area must consider shape. The measure used
originally was (4 O/A f) X 100, where Af is the figure area and 4 | is the area of the boxes
with centers outside the ellipse. It was later found that a more general mathematical concept,
the symmetric difference metric, which is twice the above for equal areas, was used for this
purpose by Lee and Sallee (ref. 15). Thus, [1 - (Af - Ao)/(Ae +4,)] X 100 is now used for
generality, where 4, is the ellipse area. . .

4.3 FITTING SETS OF ELLIPSES

The individual-ellipse fits to storm cell data as displayed at the left of figure 4-1 indi-
cate the reasonableness of using the average of all thetas (TAV) and of all ratios of minor/
major axes (RAV) for all ellipses of a given set. It is also seen that the centers are not far
from uniformly spaced on a straight line. This line may be found from a three-dimensional
version of fitting a line to a group of points so that the sum of the squares of the errors is
minimized, assuming that log Z or Z is the third dimension. As the points being fitted are
the centers of gravity or centroids of the individual ellipses, the resulting line is called the
centroid line. It is specified by the three block coordinates of a point on the line and two
angles.

It remains to examine how ellipse area varies with log Z. If log Z is considered as a third
dimension, the problem may be visualized as finding the shape of the appropriate solid. It
will first be shown analytically that the two simplest alternatives are the cone and the
* paraboloid.

Assuming for simplicity that the ellipses have their major axes along the y axis, their
equations are

2 2
X
_+y_ =1
a® b2

But mab = A = area and a/b = R = axis ratio, so

22 =4
T
A
2.4
b 7R
x2 +R2y2 =44
T g2
where
K?’=n7



If the square root of the area is a linear function of log Z

A=(B- SlogZ)?

where
B = intercept of line with/A axis
S = slope of line
then the cross section in the plane y = 0 is
+tKx=B- SlogZ

This is a linear function, so the surface is a cone. Similarly, if the area is a linear function of
log Z

a=b-slogZ
then the cross section at y = 0 is
K*x?=p-slogZ
This is a parabola, so the surface is a paraboloid.

Both of these alternatives are displayed in figure 4-1. The paraboloid at the center dis-
plays two features of interest: First, it does not come to a point like a cone, but has a blunt
top which may not quite reach the log Z = 5 level. This is not important because the equa-
tions are available for scatter or attenuation calculations up to the fitted peak of perhaps
log Z =4.9. It is probably more accurate to determine the shape of the top from the main
portion of the data and not to place too much weight on the two boxes with log Z = 5.
Second, and most important, the paraboloid models the asymmetry found in nature by
means of its crowded contours along one edge. It may be noted that the two lowest contours
touch in both the individual fits and in the paraboloid. The preference for this model is rein-
forced by discussions with meteorologists such as A. J. Chisholm and Ralph Donaldson
studying severe storms and by data such as appear in figure 4-2, taken from Shaw (ref. 4).
The outline of the cloud is shown as a thin line; the heavy lines within the shading (denoting
radar-detected precipitation) are isopleths of Z =2 X 102, 2 X 10*, and 2 X 106 mm® m3.
Outlines are shown at time ¢ of 10, 30, and 50 min after the storm first appears.

For the results reported in section. 5 and 7, the few points with log Z = 5 were ignored
to avoid the possible large quantizing errors associated with the smallest areas, and the area
profiles were offset as required to pass through the points at log Z = 4. This action was in-
tended to give stronger weight to the higher reflectivities. It was found later, however, as
reported in section 6, that comparisons of attenuations on paths through the centers of the
actual cells and the corresponding models indicated that the offset and omission of the
points for log Z = 5 increased the errors. The result is believed to be critical only for this
measure and the central paths. It may also be advisable in this case to set the common ellipse
orientation to that of the highest level instead of to the average of all. For other uses, these
details may not be significant.
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4.4 FITTING RELATED SETS OF ELLIPSES

The sets of ellipses considered so far have each been derived from data taken almost
simultaneously at a given time and tilt or elevation angle. The question now arises of rela-
tions between sets derived from the same cell but made at different elevation angles or at the
same elevation angle but at different times. These are clearly related and storm modeling
should demonstrate this stability in time and space, or any major lack of continuity such as
caused by wind shear with height or by splitting. Conceptually, this part of the study is also
curve- or line-fitting as above, such as noting constancy of orientation, or linearity of motion.

In line with this discussion, the only effort made to fit related sets of ellipses was for
different elevations in the same storm cell. It would be of advantage to model the three-di-
mensional cell as not just a stack of unrelated ellipse sets but as an elliptical cylinder or an
ellipsoid. Alternatively, the approach may be taken of finding the errors resulting if one of
these assumptions is made. The computer program was made interactive so that similarities
could be forced between the ellipse sets at different elevations to show these effects. The sig-
nificance of the results is difficult to interpret. It was found, for example, that the same
ellipse sets can be used at elevations from 2° to 4.5°, with differences only in translation
and rotation of complete, otherwise identical, sets at the different levels. This translation
and rotation may have a great deal of interest for the meteorologist, but would not be sig-
nificant for a horizontal radio ray from a random direction. It is perhaps advisable to gather
more data before formulating more hypotheses or conclusions.

The interactive procedure for relating sets of ellipses is as follows. The data pertaining
to all levels of a cell must be isolated, stored, and culled. Using appropriate switches on the
computer console, a preliminary run may be made with or without ellipse plotting, as de-
sired. Then on a second round, some levels may be given the same centroid lines as others
that are closely similar. The same line at different locations and orientations may be tried
for all the echoes between selected levels. On a last run, the area sets may be equalized at
all levels. On all runs the parameters including error are tabulated and plots made. Results
are presented in the next section.
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Figure 4-1.—Typical ellipse fits to NSSL data.
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Figure 4-2.—McGill reflectivity contours.
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Section 5
EXAMPLE OF MODEL FITTING

5.1 INTRODUCTION

Because of the complexity of the model-fitting techniques, and because several sources
and types of data are involved, it seems wise to present the results in two separate ways. In
this section, log Z data from one storm cell, MIT-LL cell A, are considered in detail to clarify
the methodology and the terms and formats used. In the next section, other cells, linear Z
data, and NSSL temporal sequences are considered, and standardized results are compared
to bring out similarities and differences.

The basic results are all presented in the form of computer printouts. The abbreviations
used in the printouts are explained in table 5-1 and a typical printout is shown in table 5-2.
The printout format is as follows, keyed to table 5-2.

(1) An overall header contains a date gfoup and labels for the five columns corre-
sponding to the contours of minimum log Z = 1, etc., as displayed in the table.

(2) The tabulation of data for each time is headed by the time and data relating to
the individual contours.

(3) Below the header extending across a whole line, more data for individual ellipses
are shown for comparisons with data for related ellipses, in following lines.

(4) The first data line starting at the left margin describes the ellipse family auto-
matically fitted using the assumptions of section 2.5.

(5) Following lines under the same time header note the results of changes of many
possible types, generally with the object of showing uniformity between succes-
sive related sets.

The same time header may be repeated for additional cells from the same block, or for
splits. In this case, data for related sets become separated. :

5.2 FITTING SETS OF ELLIPSES

An example of the raw logarithmic data to be fitted has been shown in figure 3-6. It
provides four contours, around the digits 1 or greater, 2 or greater, etc., as shown at the top
of figure 5-1. These are fitted with ellipses with the results printed on the top lines for
time = 2322 of table 5-2 under the headings Min Z = 1, 2, 3, and 4. To help in following
further processing, these parameters are plotted on the X, Y plane in figure 5-2(a) with the
semimajor and semiminor axes at the correct orientation of the former, THTA. Note that the
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Table 5-1.—Abbreviations for Tables 5-2 and 7-3 to 7-5

Abbreviation Definition

MODAYR Date—MOnth DAy YeaR

MINZ=1 Refers to contour including log Z = 1

TIME Time 0 to 2400

THTA Theta—azimuth of upper semimajor axis, ccw from north in
degrees (MIT); subtract AZ for NSSL

MAJ Length of semimajor axis in boxes (MIT) or RU (NSSL)?

MIN Length of semiminor axis in boxes (MIT) or RU (NSSL)

RAT Ratio of MIN/MAJ

CFA Centroid azimuth -90° (NSSL) or Y in boxes (MIT)

CFR Centroid range in RU (NSSL) or X in boxes (MIT)

CFz Centroid log Z

TRZ True azimuth of centroid line projection (MIT); subtract CFA
for NSSL

PRJ Projected spacing between log Z=7and logZ =1+ 2

TAV Average theta or true azimuth (MIT); subtract CFA for NSSL

RAV Average ratio of MIN/MAJ

CG-AZ Center-of-gravity azimuth (NSSL) or Y in boxes (MIT)

CG-RU Center-of-gravity range (NSSL) or X in boxes (MIT)

AREA Ellipse area in RU deg (NSSL) or square boxes (MIT)

ER Error of fit in percent (see sec. 4.2)

3Range units (RU) = 2,624 km (1.417 n. mi.); 1 box = 0.7814 km. (See sec. 3.2.)

scale for the axes is not the same as for the rest of the figure. The centers of gravity, or cen-
troids, are projected on the X-log Z plane in figure 5-2(b), showing the dashed centroid line,
CENLN, fitted for least-square error. PRJ gives a measure of the slope of this line, the pro-
jection of the CENLN between X, Y planes log Z =/ and log Z =1 + 2. The CENLN is shown
projected on an X, Y plane in figure 5-2(c). The nominal c.g. coordinates for Min Z = 1 to 4.
and 2.5 are printed in the first full line for time = 2322, but the values are truncated by drop-
ping hundredths, so they do not agree precisely with the figure. The CENLN azimuth, TRZ,
_is shown as well as the average THTA, TAV, common to all major axes. The areas within the
contours, from the same printout line, are plotted versus Min Z in figure 5-2(d). A profile is
fitted for least-square error, as shown, itk the apex marked at the maximum log Z, for
which the area is zero. The slope is arbitrarily defined as

- max log Z
§ 100 X max area

475

=100740

_100_ 100 _

“DA - 20534
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where DA = differential area per unit log Z. The last items printed are the errors of fit. To
give this unconventional measure discussed in section 4.2 some physical significance, the
original contours and the fitted ellipses have been superposed in figure 5-1. The computed
errors (in percent) are—

Min Z 1 2 3 4
Cell A 23 25 11 8
Cell B 17 28 10 37

Table 5-3 summarizes not only some of the data already presented, but also the aver-
ages and standard deviations of the fits for MIT-LL cell A. The figures must be interpreted
with some care. For RAV, the average ratio of minor to major ellipse axes, a coefficient of
variation of 0.057/0.70, or about 0.08, is obtained. For TAV, however, the base should not
be the average azimuth, but 360°, for a coefficient of about 0.05. For the centroid lines, the
rms error is in linear box units of 0.78 km, and for the area in square box units. The uniform-
ity of many of the parameters, such as TAV, RAV, and max log Z, is quite remarkable if
data from erratic top and bottom levels are ignored.

5.3 FITTING RELATED SETS OF ELLIPSES

In figure 5-3 the sets of fitted ellipses for horizontal cross sections at all heights of cell
A are shown. The columns from left to right are raw data contours, individually fitted el-
lipses, and ellipse sets as described above. The fitting errors are collected in table 5-4. Only
two of the individual fit errors are over 30 percent. Min Z =4 at 2345 has note a in the .
table and figure. It is seen that the high error is due to the ragged shape of the contour and
to its small size, which leads to high quantizing error. Note b shows a high error from a
split at the cell top. Set fit errors more than 10 percent higher than the individual fit errors
are also noted. Notes c, e, and g refer to Min Z = 4 cores maintaining the same orientation
at all cell heights even though the lower reflectivity structures rotate increasingly ccw with
height. Notes d and f seem due to a random orientation of Min Z = 3 contours.

Figure 5-3 illustrates the effects of changes forced on the ellipse parameters by the
interactive procedure. The method is in general to average parameter values from all levels,
and to force all levels to the same value. This reduces the number of parameters required
to describe the cell and leads to the simplified elliptical cylinder model. The first, least
significant, change was to set all CENLN projections PRJ equal to 0.70 as indicated at the
head of a column of the figure and at one line in the table by the abbreviation P = .70. As
expected, the ellipse centers are now all uniformly spaced, and the only significant error
increase is at note h because of the large original projection. The common value of
MIN/MAJ = RAV =R = .65 caused no error increases over 10 percent. Forcing a common
major axis orientation 65° right of north produced large error increases at notes j ton, only
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k occurring at Min Z = 4. In the right-hand column of the figure, R = .65, T =-65°, and
the area profile has been chosen for best fit for time 2322 to 2340 as

Area=180-401logZ

This caused large errors at notes p, q, and r at the top and bottom of the cell, as expected,
but it is seen that the proposed model of sheared, nested, elliptical cylinders is validated.

Figure 5-1.—MIT-LL fitted ellipses.
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Figure 5-2.—MIT-LL plotted ellipse data. (a) Individual ellipses. (b) Centroid line fit.
(c) Ellipse set fit. (d) Area profiles.
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Section 6
TEST OF STORM MODEL

6.1 TEST METHOD

For the development of the storm model, error of fit was estimated using geometric
criteria as discussed above. Its intended application, however, involves transmission of elec-
tromagnetic energy, so a more relevant criterion of usefulness is desirable. Therefore, the
attenuation of a radio wave through the observed reflectivity pattern has been compared
with that through a storm cell reconstructed from the model parameters. This is facilitated
by using east-west or north-south paths parallel to the X and Y axes of the MIT-LL data.
For these paths, precise values of reflectivity are available for each increment of 0.78 km.
It will be shown for the three east-west central paths through five cross sections of the
MIT-LL cell A, that Z sums by the two methods generally differ by about 5 percent.

6.2 CALCULATION OF ATTENUATION

With certain usual assumptions about the dropsize spectrum, the attenuation A in deci-
bels through a storm cell may be expressed as

A=K[Z" ds

where
K = a function of frequency, dB km™!

a = constant to be discussed

6 3

Z = reflectivity, mm® m~

ds = distance along path, here 0.78 km

For greatest accuracy, the constant a should be considered to vary as in table 6-1, taken
from Zawadski and Rogers (ref. 16), but if the values of K shown are used, @ may be taken
as unity without large errors, for Z values of most interest, around 10%. The last two rows
show the attenuation corresponding to a typical Z ds of 105 and the attenuation error for
S percent error in the integral as a function of frequency.

6.3 RESULTS

A computer program was written to construct digitized horizontal cross sections of
cells similar to those in figure 3-1 from the fitted ellipse parameters, and to sum the values
of Z in the rows in the X direction. When these sums were compared with similar sums
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Table 6-1.—Attenuation at Various Frequencies

Frequency, GHz
Attenuation factors
10 20 30 40
Best @ 0.78 0.70 0.66 0.63
Best K fora=1 2X 1073 107 3x 1074 5% 107%
A for [ Z ds=10°, dB 2 10 30 50
0.05 4, dB 0.1 0.5 1.5 2.5

Table 6-2.—Highest Values of [ Z ds/1000

. Error for
Time From data From model highest peak, percent
2322 149 199 125 181 206 129 3
2328 87 129 139 88 122 132 5
2334 219 348 266 168 217 203 38
2340 83 111 72 63 70 63 37
2345 43 50 42 52 53 43 6

derived from the raw data, it was found that agreement was improved by using area profiles

“without the offset to produce equal areas at the log Z > 4 level, which is described in sec-
tion 4.3, It was also found essential to use the point at log Z = 5 in fitting the area profile
for time 2334. In table 6-2, the paths with the three highest sums are compared for MIT-LL
cell A at all elevations at which log Z > 4 was observed. The errors are high at 2334 and
2340 because the ellipses for log Z = 4 are not alined with the others in the sets. If north-
south paths were considered as well as cast-west, and the highest integrals of both sets con-
sidered, this error would be reduced. In any case, most of the errors are small at low
frequencies.
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Section 7
RESULTS

7.1 INTRODUCTION

The storm modeling results presented are based on data of three types:
(1) MIT-LL elevation sequence—logarithmic

(2) MIT-LL elevation sequence—linear

(3) NSSL time sequence—logarithmic

The first type provides spatial characteristics in three dimensions from successive radar
sweeps at increasing elevation angles. The second considers distributions of reflectivity Z
instead of log Z to focus on the high-intensity cell cores. The third type provides temporal
characteristics by following several cells for several hours in two dimensions with a horizon-
tal radar scan.

To facilitate comparisons, all three types are considered in the same order used previ-
ously; data first, then fits to individual ellipses, sets of ellipses, and finally related sets of
ellipses.

7.2 DATA

7.2.1 Logarithmic MIT-LL Data

Before considering results, the data used will be reviewed and displayed in the more
convenient form of figure 7-1. Here the portions of figure 3-4 containing cells A and B have
been used in the form of digital maps like figure 3-6. Contours have been drawn about the
I’s, 4’s, and 5’s, etc., and placed side by side for comparison. There is a common Y grid, the
displaced X references are labeled, and the horizontal scale is marked. Cell A, in.the upper
half of the figure, displays intensity levels 1 to 4 from 2° to 4° in elevation, or from about
5 to 9 km in height. Only a single log Z = 5 box appears, at 3°, The bottom tapers down sym-
metrically but the top shows a split at the log Z = 2 level. The centers of the 1° to 3%° levels
are close to a vertical line; higher levels have drifted to the east. The time required for scan-
ning is not negligible, so the 36 min intervening between the 1° and 4° scans may be
significant.

Cell B, also shown logarithmically, does not display much vertical uniformity. In fact,
a split is indicated by the peninsula at the bottom at 2° and is definite at 1%4°. Only the
northern part shows at 1°. More and faster scans such as those of NSSL for 1969 and later
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are required to separate fully the effects of time and elevation in a case like this. Without an
extended time sequence, the two effects may easily be confused.

Another aspect of splitting is evident in cell C, shown logarithmically in figure 7-1.
Definite splits exist at both the top and bottom. Small internal peaks at 1%° to 2%:° are dis-
regarded, and the 1'4° and 2° levels are split near the peninsulas, and consistent with this at
214° as shown. The part called C2 is fairly weak and uniform from 1%° to 3°. The other
part; C1, probably continues below 1°, or a height of about 3 km.

7.2.2 Linear MIT-LL Data

The cell A linear data are plotted below the logarithmic cell A data in figure 7-1. The
significance of the shades used in the figure may be seen from table 7-1. The right-hand
column applies for time 2334. In the logarithmic data, the digit 4 is used for40<<101log Z <50,
or in this case, for 40 to 50, whereas the linear presentation uses five levels to provide greater
detail in the small intense area responsible for most scattering and attenuation.

~

7.2.3 NSSL Data

NSSL data are used as well as MIT data because the former include long time sequences
giving preliminary information on cell velocities, lives, splits, etc. The automatically blocked
data of figure 3-1 were manually culled to remove trivial echoes, and significant related
echoes were identified as shown and grouped for best display of their characteristics in fig-
ure 7-2. Cell scans each 15 min between 1735 and 2020 of May 3, 1968, were studied.
Elongated cell B split into cells B and C between 1820 and 1835.

7.3 INDIVIDUAL ELLIPSE FITS

7.3.1 Fitting Errors

The results of the individual ellipse fitting as described above are included in tables 7-3
to 7-5 (presented subsequently), which use abbreviations explained in table 5-1. To facilitate
understanding the results, these are extracted and presented in various ways. The first ques-
tion of interest is the accuracy of the fits. Using the error measure discussed at the end of
section 4.2, figure 7-3(a) characterizes the fit errors in a histogram format giving the number
of cases in each error category. The enars over 50 percent are due to splits, as are many of
those from 40 to 50 percent.

Data sets for two NSSL storm cells are shown in figure 7-2 with the left-hand sets of
ellipses showing the individual fits. For example, in the upper cell there are two 5’s, one
above the other, so there is a vertically oriented central ellipse. The 4’s ellipse is sharply tilted
to the right, and the 3’s and 2’s ellipses have a slight tilt. The 1’s have not been used because
they are insignificant electromagnetically, pruned arbitrarily, and often in a very ragged con-
figuration, as in a plume at the top of a storm. The apparent misalinement of the 5’s ellipse

50



Table 7-1.—Linear Scale Equivalents

(21; 3-61) Zl/lié“ar 1010g (Z/Z,,,,,) X 10 Typical dBZ
5 0.8t01.0 9to 10 50
4 .61t0.8 8to9 49
3 4t0.6 - 6108 47,48
2 2t0.4 3to6 : 44,45, 46
1 1to.2 0to3 41,42, 43

ccw of the average azimuth and of the 4°s clockwise (cw) is probably due to quantizing
error. That is, there are too few samples (boxes too large—low resolution) to define the con-
tour accurately.

7.3.2 Cell Sizes

As a preliminary estimate of cell size for the ellipses fitted to the contours of log Z = 4
for the MIT logarithmic data and the contours Z=0.6Z _  for the MIT linear data, the aver-
age semiaxis lengths are as follows:

Semimajor Semiminor

Cell axis length axis length
MIT A (logarithmic) 29 1.8
MIT B 2.7 1.8
MIT C 4.5 2.5
MIT A (linear) 2.0 1.1
MIT C 22 1.7

As the lengths are given in units of 0.78 km, a typical cell at the log Z = 4 level has major
and minor axes of about 4.5 and 2.8 km, respectively. The geometrical mean, or radius of
the equivalent circle, is 3.5 km, as noted in various CCIR reports. The cell sizes can be found
for other levels, but the highest levels tend to be the most irregular, thus it is well to derive
such data from the lines fitted to several levels, or sets of ellipses, as will be discussed. The
many other individual cell characteristics may properly be ignored after it is shown that they
are adequately represented by the set parameters.
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7.4 SETS OF ELLIPSES

7.4.1 Fitting Errors

Figure 7-4 graphically portrays the individual ellipse parameters for MIT-LL cell A as
in figure 5-2(a). Inspection of the diagram for the different elevation angles shows both regu-
larity and irregularity. The diagrams for 2.5°,3°, and 3.5° are very similar, taking account
of the expanded scale. Those for 1.5° and 2° appear somewhat similar until it is noted that
the 2° centroid line points in the direction opposite to those of the other four. The 4° and
4.5° diagrams form a small rough group, but it seems reasonable that the bottoms and tops
of the cells would be most irregular. To emphasize this, the log Z = 4 ellipses at 2.5°, 3°,
and 3.5° are closely identical, whereas the 1° and 5° levels shown in figures 3-4(a) and 3-4(i)
are highly irregular. Fortunately, they are also very weak, an inverse of the basic rule postu-
lated previously that intensity and order go together. Similar plots for the fitted sets of el-
lipses are shown in figure 7-5, but only one ellipse axis is shown for each set, as they all have
the same orientation.

The errors of fitting the ellipses to the basic contours are shown later in tables 7-3 to
7-5. It is of interest to study the increase in error between the individual fits and the set fits.
These are shown in histogram form in figure 7-3(b). The differential error due to set fitting,
that is, alining orientations and eccentricities, and fitting centroid and area lines has a me-
dian value of about 5 percent. This remarkably low figure indicates the basic orderly struc-
ture of the cell, even though the individual contours are not precisely elliptical. It is strongly
implied that the basic assumption of elliptical shapes is reasonable.

7.4.2 Set Characteristics

The characteristics of the ellipse sets for a given time or elevation are best considered
along with those for the related sets, but a féw points are worth noting separately. For ex-
ample, the cell size at one-half peak reflectivity may be found by averaging the areas from
table 7-4 for Min Z = 3, as this corresponds to Z/Z max = 0-5 according to table 7-1. Attention
is restricted at first to those times when a peak of 40 dBZ occurred, that is, 2322 to 2345
for MIT cell A and 2316 for MIT cell B. For cell A the average area is 14 square boxes, or an
effective diameter of 3.3 km, close to that noted in section 7.3.2 for 40 dBZ. For times and
cells with lower peak intensities, the areas are generally much larger and of little interest.

From the tabulated areas fitted to each contour of log Z it is easy to obtain the apex or
log Z at zero area. The peak values found are listed in table 7-2 along with the precise peak
values from the MIT-LL tape, converted to dBZ, It may be seen that even though the loga-
rithmic data are quantized in 10-dBZ steps, the use of several levels and a good model has
more effect on accuracy than the quantizing interval. In other words, the model is a suffi-
ciently good representation of the cell that a peak at 46 dBZ can be predicted from inputs
at 10, 20, 30, and 40 dBZ. A detailed plot using 1-dB steps shows that the large difference

at 2334 is due to the coincidence _that a notch in the distribution fell at 40 dBZ, shifting the
best-fit profile using that point.
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Table 7-2.—Peak Values of Log Z

Time Derived, dBZ Precise, dBZ Difference
2322 47 46.4 0.6
2328 455 45.8 -3
2334 a47.5 50.0 -2.5
2340 44 443 -3
2345 42 409 -1.1

4Found using point af log Z=35.

7.5 RELATED SETS OF ELLIPSES

Tables 7-3 to 7-5 give the results of ellipse fitting operations. The following information
is presented in this section with regard to related sets:

Data source Raw data _ Ellipse data Data plats
MIT logarithmic Figure 7-1 Table 7-3 Figures 7-4 and 7-5
MIT linear Figure 7-1 Table 7-4
NSSL Figure 7-2 Table 7-5 Figure 7-2

Figure 5-3 has presented horizontal cross sections through MIT-LL cell A, supporting the
use of a vertical, cylindrical cell model. Figure 7-6 shows vertical sections through MIT-LL
cells A, B, and C along lines shown in figure 3-4(c). The tapered tops and split bottoms are
evident in cells B and C. The distributions of the parameters of the ellipses, TAV and TRZ,
are shown in figures 7-3(c) and 7-3(d). The histogram for NSSL ellipse set orientation, TAV,
shows the predominant northeast-to-southwest direction assumed by Rogers and Rao (ref. 1),
but the MIT-LL results do not. However, the latter storm cells are weaker, with only a single
box with log Z = 5. They are also nearly round, with an average minor/major axis ratio of
about 0.75 and about the same value for centroid line slope PRJ. The NSSL storm, on the
other hand, showed a maximum intensity of log Z =5 from 1735 to 1820 and was highly
elliptical, with a larger PRJ. The histogram for centroid line azimuth, TRZ minus TAV,
shows that the line of ellipse centers was displaced about 20° ccw from the major axis line in
data from all sources.

The NSSL time sequence of figure 7-2 and additional data from table 54 are summa-
rized in figure 7-7. The azimuth (AZ) and range (RU) coordinates can be seen to vary
smoothly, with the azimuth fairly constant and the range increasing slowly in a southeast-
erly direction at about 12 km s~1 (23 knots). The average orientation, TAYV, runs northeast
to southwest, as assumed by Rogers and Rao (ref. 1), except for one point. The angle be-
tween the centroid line, TRZ, and TAV remained small until the cell split a second time. The

area profile intercept dBZ _ _ fell slowly and the slope remained fairly constant, although

53



the area for log Z = 4, AREA (4), dropped sharply after the split. The weakening of the
storm is also indicated by decreasing ellipticity (increasing RAV) and increasing symmetry
or concentricity (decreasing PRJ). The intensity, long life, and major axis of about 37 km
(20 miles) indicate that this may be the type of supercell associated with tornadoes and/or
hailstorms.

54



6% L1 L°9Z €1t O0€ %9 9°92 9°1¢ 62 211 6°92 0°2¢ S1 091 €°9¢ ¥»r2€ 9°0 0t~ 8°D %91 §°2 6°9Z B°1¢t
Sy L1 L°92 €°1€ Of %9 9°92 9°1¢ %2 211 §°%2 0°2¢ L1 091 €°9Z »*2¢ L°0 1€~ 8°D %91 6°Z 6°92 B*1¢t

IT LY 8°92 9°1¢ 81 08 2°92 Z°1¢ 12 JI1 B8°9Z 0°2¢ 81 691 2°92 I°2¢
¥3 v3EV NY-9)-7v  d3 V3IUY NUY-92-2vV U3 v3IYV N¥-9D-Zv  ¥3 v3dv NI-93-ZV  ¥3 VIV NY-93-ZV AVH AVL Mdd Z¥L Z4D d43 vd4D
¥9°0 B°1 6°2 °"ll- 6L°0 S°€ %°% *H1- 0OL*D 6°% 0°L °*6- G9°0 B*S 6°8 °9¢- ovee
IVY NIW FVA VIHL AVY NIA FVAW ViHl LVY NIA FVA Vi41l 1VY NIA TVA VIHL IVY NIN FVA VIHIL IAIL

%2 22 8°9Z v*le GC SL G9°92 9°1¢ 41 B8Z1 1°92 8°1¢ &1 18T 1°G6Z2 6°1¢€ 9°0 0%~ B°0 »T1 §°2 £°*92 L 1t
%2 22 8°9Z v*lt 12 SL 6°92 9°1¢ 12 821 1°92Z 8°1¢ B1 181 L°G2 5*1¢€ L°0 BE~ 8°D HI1 S°2 €£°92 L°1¢

b2 22 8°9Z £°1g 81 89 6°9Z2 8°1t Sl 8Z1 1°92 9°1¢ €1 L91 9°62 J°Z¢
¥3 V3V NU-90-7vV  ¥3 VIYV NU-9D-72v¢v ¥ VvIY¥V NU-93-ZV ¥3 vIduv N¥-92-7Zv ¥3 v3¥Vv N¥-93-7Vv AvY Avl fdd Z¥l 743 ¥4) Vvd)
20°1 $°0 6°0 *0O %L*0 22 0°¢ 63— 28°0 2°% 1°G6 *11- 99°0 1°S B8°L °*0%- 19°0 L°G 2°6 °G¥- hEee
IVY NIA VW VIHL LVY NIA FVW VIHL 1VY NIW FVA VIHLI IVY NIA PUAN VIHL 1Vd NIA FVA VIHL 3WIL

01 61 6°92 L1t 22 €5 1°92 6°1¢ LT 8B L°6Z 2°2¢ 61 g1 €°62 %°2& 9°0 69- 6703 121 6°C 6°52 1°¢2¢
0 61 6°92 L*1e 2¢ €5 1°92Z 6°1¢ 61 8B L°%2 2°¢¢ 12 w- €°G62 H°Z2€ 9°0 89— 6°0 121 6°2 6°62 1°C¢

0 61 8°92 S°1e S1 6% 9°6Z €°2¢ 8 88 (1°6Z %°2t 21 901 9°62Z 1°2¢
¥3 vIYV NY-93-7v  ¥3 V3Hv NY-90-7v  ¥3 vIYV NY-93-7v ¥3 v3Yv NE-90-72V  ¥3 V3IYV NY-93-7ZV AVY AV1 M¥d Z¥1 73D d4D2 Vvd)
G9°0 6°1 0°¢ °T1l- S9°0 1°€ 8°% *H»9- $5°D 6°¢ 1°L *09- %9°0 9°H 2°L °*45- ¥4 %4
1vd NIW PVW ViIHL  LvYd NIW FVW VIHEP  1VY NIW FTVA VIHL AVY NIWN FVA VIHL 1VY NIW (VA VIHL InlL

0g 22 2¢°52 l°ge 0¢ 26 _6°S2 9°¢€ 12 €8 B°6Z &€t 2Z€ €11 1°92 %°€€ 9°0 69— 3°0 21- 6°2 9°G62 9°¢t¢t

8y 22 2°62 Ll°*tE 2% ¢S 6°62 9°ce Lt €8 8°6¢ S°€e 1% €11 1°92 v°¢ck 970 059-9°0 <l- &°C 9°9¢ 9° ¢t
w2 ¢2 2°62 Ll*te 91 26 6°6¢ 9°tg 12 £8 8°s¢ S*€E  0€ ET1 1°92 »*€E §°0 99- 3°0 2L- §°Z 9°5Z 97 €&

8 22 2°62 8°¢E Il 16 »°G6¢2 G°te G2 €8 6°62 L°te €2 8el 1°92Z ¥ ¢t

‘43 V3IYV NY-9D-IV  ¥3 VIHV NH¥-9D-2ZV ¥3 V3V N¥-90-Zv ¥3 v3IV N¥-9D-2V  ¥3 vIYV N¥-9I-2V AvY AVL C¥d Z¥l 74D ¥4) V4D
Y9°0 L°1 6°€ *¥L- 6%°0 8°Z L°G *29- %9°0 1°% €°9 *19- 8%°0 »°S5 0°8 *16- zeee

1VY NIA FVW VIHL IVY NIA VW VIHL 1VY NIW FVW VEHL 1vY¥ NIA VAN VIHL 1vd NIA. FVA VIHL JAIL
G2 Lz 2°6Z 9°2¢ €1 €% 8°%2 L*ZE 9°0 03— 6°0 201 S°1 0°SZ 9°2¢

02 LZ 2°6Z 9°2€ L1 €% B*HZ L*2€ L°0 6L~ 6°0 201 G°1 0°6Z 9°2¢

€1 L2 2°62 9°2¢ €1 €% 8°HZ L°2¢
Y43 v3dv NY-92-7ZV  ¥3 VIYV N¥Y-93-7Zv  ¥3 V3IYV NH¥-90-7V ¥4I v3IYV NY-9I3-2v H3 V3YV NY-93-7V AVY AVL ldd Zdi 7233 ddd Vi)

%80 L°Z 1°€ *69~ ¥9°0 6°Z 9°% *G8 91€2

__AVY NIA CVW VIHL 1VY NIA VYW VIAL AVY NIW CYW VIH1 VY NIW FVUA VIHL 1V¥ NIA FVA ViHL IATL
oLe2L

S=INIW Y=7NId £=7NIW Z=INTW 1=7NIn YAV3IOA

V 119D (®) "Bl osdijg orwyyeso] TT-LIN—€-L 19BL

55



S 0Z_6°92 L°1€_ %2 09 1°92 6°1¢

0 61 8°92 S°T€ Sl 6% 9762 £°2Z¢

¥3 v3IYV N¥-97-IV ¥3 VIWY NH¥-92-Zv ¥3 vIdV N¥-93-7v
69°0 6°1 0°€ *1.- §9°0 1°€ 8°% °“%9-

LvY NIW fVW VIHL LIVY¥ NIW FYW VIHL IVY NIW FVA VIHL
;lz 8¢ 02 2°G2 L*EE 0Z 09 6°6Z 9°¢€¢
8 22 2°6Z B"tE 11 16 H°6Z G°€¢€

¥3 V3IYV NU-93-2Zv  ¥3 V3¥VY N¥-93-2v  ¥1 v3IYV NY-9I-ZV
¥y°0 L*1 6°€ °%l- 65°0 8°2 L°G °29-

AVY NIW FVW VIHL  IVY NIA CVW ViIHL VY NIW VW VIHL
33 vIYV NY-97-IV 43 V3IUV NY-92-2v U3 vVIUV N¥-92-7V
1VY NIA VA VIHL 1vd NIW FVW VIHI Ivd NIW FVW VIHL
¥3 v3IYV NY-97-IV ¥3 V3BV N¥-93-7v  ¥3 vIHV NI-9I-7v
1vY NIW VW VIHL LivYd NIW FVA ViHL IVY NIW VA VIHL

43 v3dv Ny-9I3-7v

43 v3dv Ny¥Y-9I3-7v

¥Z 9t 0762 1°2¢
01 9¢ 0°62 1°2¢
ST 9 1°62 €°2¢

¥3 vV3IYV N¥-90-7V
68°0 1°¢ 9°¢ °*vy

1vY NIAd FVW V1IHL

¥3 v3Yv NY-903-2v

1V NIA FVA V1Hi

1vY NIW FVW V1AL

0s 6 1°82 1°1¢
0s 6 1°82 1°1¢c
9¢ 6 2°8¢ L°1¢

43 v3IYv N¥-9I-7v
18°0 S°1 8°1 *G4—
1vd NIW VW VIHL

1vd NIW VW vIEHL

GE 8G ¢2°82 L*1¢
2¢ 85 2°8Z L°1l¢
81 8% 0°82 0°1¢

¥3 v3Yv nyY-93-7v
EL°0 £°¢ 6°% *LG-
Ivd NIW CVW VIHY

ST 001 L°sC Z°2¢

8 88 L°GZ %°¢¢
H3 v3dv NY-93-7v
¥5*0 6°t 1°L *09-
1vd NIA FVA VIHL

02 001 8°9Z G°¢¢

62 €8 6°6¢ L°ttE
43 v3dv NI-93-7v
%9°0 1°% £€°9 °19-
Ivy NIW FVYA ViHL

2€ 0% 2°SZ 9°2¢
€1 L2 2°62 9°2¢
343 v3dv N¥-93-7v
%8°0 L°Z 1°€ °69-
1vY NIW VA VIHL
06 9 9°2¢ 9°2¢
06 9 9%2¢ 9°2¢
08 3 9°2¢ 9°2¢

343 v3dv NI-923-7v
12°2 9°0 0°¢ *2S
vy NIA FVA VIHL

ZZ €8 0°6¢ L°Z¢
02 €8 0°62 L*Z2¢
LT 5L 6°82 £°2¢

Y43 v3yv Ny¥-9I3-7v
S8°0 G°% 2°S °€9
1vd NIA VA VIHL

6 801 £°8Z %°¢¢
92 801 €°82 %°Z¢

€2 LO1 $°82 9°2¢
¥3 v3yv NA-93-7v
6L%0 1°6 6°9 *11
IvY NIWA VA VIHL

penunuo) (e)—"¢-L S1qeL

LtZ 0%l £°G92 Y¥°2c 9°0

21 901 9°62 1°2¢

43 v3dv NY¥-90-7IV AvVY
#9°0 9°% 2Z2*L *56-
LVY NIA CVA VIHL

92 0%1 1°92Z %*¢€ 9°0

€Z BET 1°9Z % ec

Y43 v3IYV NU-93-7ZV AVY
89°0 %°S 0°8 °1g-
1VY NIW FVA VIHL

9% 0B 8°%2 L°2t 9°0
€l €% 8°HC L°Cl¢

43 v3dv NY-9I3-7v Avd
#9°0 6°2 9°% °s8

Lvd NIW VA V1IHL

62 SO1 8°%E 6°%¢ 9°0
62 S0T 8°%E 6°%L £°0
62 G01 B°HE 6°%¢

¥3 v3Idv NY-93-7v Avd
€6°0 Z2°% 8°L °16
1vyd NIW FVA VIiHIL

LT D¢l 1%62 £°€E 9°0
6Z 0Oel 1°*62 €°€€ L°0

81 0t Z2°62 %°CE
343 v3IYV NY-93-2v AvY
#9°C 1°S 0°8 °S¢
1vY NIW FVA VIHL

LZ 851 %°*8Z2 2°tE 9°0
61 891 #°82 0°¢€E L°D

€1 2%1 €°82 D°€€
¥3 v3WV NU-93-2V AVY
98°0 2°9 2°L *L
1Vd NIA FVA VIHL

G9—

AVL

S99~

Avi

08-

AVl

0s

1s

AVL

06

143

AVl

oe-
oe-

AVl

rdad

3°0

rdd

6°0

rad

°1

1°1

ryd

£°1

[ |

rud

121

741

eL-

74l

zo1
741
v2z
yez
741
581
581

741

161
161

7d1

‘R4

73D

s°Z

32

s°1

14D

s°1

5°1

74D

[Ar4

0°¢

742

Z42

6°6¢

¥dd

9°*6¢

ud)

0°g2

442

L°EE

L*ee

44)

0°6¢

0°6¢

44)

2°8e

2°8e

¥3)d

1°2¢

vd4)
B82ee
IWIL

9°Et

v4)
44 %4
ELIRE

9°2¢

vi)
91¢€2
EL 9

vi1d
Lse?
3Adl L

L°2¢

vi4)d
15¢€2
JWIL

1°¢¢
1°2¢
V4l

SHEC
INTL

56



¥3 ¥34V_NY-99-2V 43 VIWY N¥-9I3-2v  ¥3 ¥3IWY N¥-93-7V

1vd NIW FVW V1IHL LVY NIW Vi VIHL 1vd NIW CVW V1AL

43 v3dv NY-93-2v 343 vIdv N¥-9I)-7v
$8°0 1°¢ 9°¢
1VY NIW FYW VIHL

¥3 V34V Ny-9I-1v

1vY NIA VW VIHL IVY NIW FVW VIHL

43 V3YV NY-02-Zv d¥3 Vv3duv NY-93-7v
I8°0 6°1 B8°1
1VY¥ NIA FVW VIHL

¥3 V3IYV N¥-93-7v
€L°0 €°¢ S°%

1YY NIA TVW ViHLl LVY NIW VA VIHL

81._06  2°9¢2 ¢ t¢
¥3 v3dv NY-93-7V
6L°0 6°¢ %°%
1vYd NIW VW VIHL

L 8°92 971¢
¥ V3IYV NY-9I-2V

¥9°0 B°1 6°C
1vY NIW VW ViHL

¥3 v3¥V NY-93-7v

1vd NIA FVA VLHL

¥3 v3d¥v NY-90-7v
00°1 6°0 S°0
LvYd NIA FVW VIHL

¥3 v3IWv NY-93-7v
%L°0 2°2 0°¢
1VY NIA TVA ViHL

¥3 v3dv NY-93-7v
28°0 ¢*% 1°¢
1VY NIA VA ViIHL

18 0% 9°2¢ 9°¢2¢
08 2 9°2¢ 9°¢2¢
H3 v3IYV NY-923-7V
12°0 9°0 0°¢ *¢s
1vd NIA FVA ViHL
92 09 0°62 L°2¢
LT 6L 6°8¢ €°C¢
43 v3¥v NY-93-7V
G8°0 G§°% ¢°§ °¢9
1vY NIW FVA V1iHL

8¢ 001 €£°82 %*Z2¢

€Z LO1 6°8¢Z 9°<C¢
43 v3IYV NY¥-9I-7v
6L°0 1°6 G6°9 °11
Ivd NIA PVA VIHL

€Z 001 5°92 0°¢C¢ .

12 011 B8°92 0°2¢
43 v3dv Ny-93-7v
0L°3 6°% 0°L *6-
Ivd NIW PVA VI1HL

GZ 001 1°9¢2 8°1¢

S1 821 1°9¢ 9°1¢
43 v3dv NY¥Y-93-2v
99°0 1°g 8°L
IvY NIW FVA VIHL

papn[ouo) (8)—'¢-/ dqeL

0%~

0% 08 8°%f 6°%C 9°0
62 S0T1 8°%t 6°%¢
Y3 vIYV NA-03-Zv AVY
€6°0 Z°*% 8°L °1§
IVY NIW VA VIHL

62 001 1°62 £*te 9°0

81 0€T ¢°62 ¥°tt
43 V3IYV NY-93-7v AvY
%9°*0 1°6 0°8 °s¢
lvd NIW FVA VIHL

€¢ 0%1 #°82 0°¢e 9°0

€1 2%1 £°82 0°¢¢

¥3 V33V NY-93-7Iv AVY
98°0 2°%9 2°L L

Lvd NIW VWA VIHL

12 0%1 €°9¢ %°2¢ 9°0

81 G691 ¢£°92 93°¢¢

¥3 V3uV N¥-90-7IV Avd
690 8°G 6°8 *9Z-~
1vYd NIA FVA ViH]L

61 O%1 L°SZ 6°1¢ 970

€l L91 9°6C 0°2¢

¥3 V3dv NU-93-7v AvY
19°0 L*°S Z2°6 °G%-
1vd NIW TYW VIHL

0s

Avi

0s

AV

oe-

AV1

oeE-

AVL

0y—

AVY

rdd

1°1

rud

£°1

rdd

8°0

ryd

8°0

rdd

Y%ee

741

s81

FAFY

161

141

991

74l

211

741

Z4)

0°¢

7343

5°Z

s

74)

5°¢

742

Lt

LEM

0°6¢

¥3d

2°82

L.E ]

£°9¢

¥d42

v4d
Lsee
ELRNE

L*Ct
vd4)
16€l’
INIL
1°¢¢t
v4)
Shee
3WIL
g 1e
v3d
ovee
IWIL
L°1e
vd)

veee
ELD Y

57



¥3 v3dv NY-93-2v

1vY NIW CVW VIHL

¥3 v3I¥v NY-93-7v

66°0 ¥°1 ¥*2
1vd NIWN VA VLIHL

W3 v3uV N¥-97-Iv  d3 vIYv NY-93-2v
1vd NIW FVW VIHL 1vd NIW FVW VLIHL
¥3 V3V N¥-92-7v  ¥3 vIYV N¥-93-2v
1vY NIW CVW VIHL LVY¥ NIW YW VIHI
33 v3UV NY-97-2v ¥3 V34V NY-9I-7v
1vd NIWN FYW VIHL AvYd NIW FVW VIHL
Sh LT B8°9¢ €°2%
12 L1 8°9¢ €°2%
1T LT 1°LE %72
¥3 v3dv NY-93-7v ¥3 VvIYV NU-90-7v
€8°0 1°2 §°2 "L
AVY NIW VW VIHL 1VH NIN TVHW <MKW|
LE €1 6°9¢ 0°¢y
LE €1 6°9€ 0°ty
Le €1 L°9€ G°¢h
¥3 V3¥V NE~-90-IV u3 VIV Nd-9I3-IV
15°0 &°1 8°2 *Z1-
LvYd NIA fUYW VIHL 1V¥ NIN CVW VIiHL
d¥3 v3¥V NY-92-Zv Y3 v3IYV NY-93-2v
1VY NIW FVW ViHL 1VY NIW CVW VIHL
G=INIW y=INIW

V34V NY-93-2V
LL*0 6°2 8°€
AVY NIW CUW_VIHL

IV Y3 vIYV nu-99-1v
%10 6°2 0°%
1VY NIW TVW VIHL

¥3 v3dv Nd-92-7v

VY NIW VA VIHL

43 v3Idv NY-9I2-7v

ivYd NIW CVA VIiHL

43 v3dv NY-93-2v

1VYd NIA FVA ViHL

92
€l

el
Y3

61
61

8
¥3

114
14

8z
3

€9 51
£9 st
69 &1
43 v3dv NY-93-7v
Ye°0 2°1 L°*¢
AVY NIWN (VA VIHIL

q 119D (9)—"¢-L dIqeL

vIiyy NY-93-2v
LL°D 1°¢ 0°%
IVY NIA VA VIiHL

v3dv Ny-93-2v
9L°3 0°% Z°%
IVy NIA CVWN VIHL

v3dv NY-93-7v
86°0 9°¢ 2°9
198 NIA FVUNW

0o 9 G°8E BTHYy

¥3 v3IYv Ny-9I3-7v Avd
E¥Y*0 6°0 0°Z “66-
1vd NIA TVA VIHIL

L2 SZ 9°LE 5°tY

33 v3IYV NY¥-9I3-72v AVY
»8°0 6°2 0°¢ °0t-
Lvd NIWR FVA V1HIL

LZ %9 B°9E v°hb 9°0
LT %9 B°9E vhy L0
LT %9  L°9f G°uh

43 v3dv Nd-97-7v Avy
96°0 %°% G°4 *91-
1vY NIAW TVA VIHL

1Z €6 9°9€ €°€% 9°0
12 €6 9°9€ €£°€% L°0
81 68 0°Lf 0°t%

W3 VIYV NY-9D-ZV AVY
SL°0 9°% T1°9 *Ly-
LVY NIW FVA VIHL

0Z 00T B°9€ 5°CH 9°0
LT 00T 8°9€ 6°€% 9°u
L1 96 L°9€ 0°b%

¥3 v3dV Nu¥-97-2v Avd
29°0 €°% 6°9 °*Z21-
1vYd NIW VA VIHL

96 1L L°%E 6°2% 9°0
89 1L L°%E 6°2% %°0
8% 1L L°YE 6°2¢%

¥3 v3IYV Nu-93-7v Avd

8%°0 £€°¢ 8°9 °»
1vY¥ NIN CVYWN VLIHIL

I=2ZNINW

AvVli

AVl

o1

o1

AVY

0oe-

6¢-

AVl

ne-

91~

AVl

Avi

rdd

ryd

s°0

rdd

3°0

2*°0

rad

3°0

9°0

rad

21

fdd

21

741

26

26

741

691

691

7¥1

L7

9Ll

741

9el

zy1

742

743

0°¢

243

52

g

742

5°¢

51

243

¥42 vdd

Shee

INIL

443 vd4)

ovee

EL] @Y

T°Llg »°%Yy

1°Lle Y9y

¥3d) vd4dD

Yeel

3AdI1

L*9¢ B*ZH

L*9€ 8°¢Y

443 vd)

82€¢e

INTL

B°9¢ &7ty

8°9¢ G6°¢ty

¥42  vdd

[24 %4

EL DY

0°6E 3°2Y

0°GE 9°¢C¥

443 vd4D

91¢ce

IWIL
0Le6cL
YAVAONW

58



43 V3V NY-93-7v

.43 VINV NY-90-7v

Lvd NIW FVYW VIHL

343 v3IYv Ny—-93-~-7v

1VY¥ NIA FVW VLIHL

1vY NIA rvW viHL

¥3 v3IWv Nd-9I-7v

1vd NIW TVW ViHL
1y 6 8°9¢ £°¢2%

IT LT 1°LlE %°¢%

43 v3dv NY-93-7V

1vY¥ NIA FVYW V1HL

¥3 V3dv NY-93-7v
£8°0 1°2 5*2 *1L
IVY8 NIW VW VIHI

SE 6 6°9¢ 0°¢¥

¥3 vIYV NH-92-7v

1vY NIN TVA VIHL'

43 v3Idv NY-93-7V

Lle €1 L°9€ S°¢gh
¥3 V3IYV NY-93-7v
15°0 %°1 8°¢ *21~
1VY NIW CVW V1HL

43 v3dv NY-93-7v

1VY NIW TVW VIHL

1vd NIW VA VIHL

¥3 v3yv NY-923-7v

1vd NIW FV¥W ViHL

¥3 V3WV NY-93-7v

1vy NIW rViW VIHL

6% 6 €°LE H° 9y
€S 11 2°Lle Ss° %%
¥3 V3NV NY-93-2v
65°0 %°1 %°¢ *§
IVYd NIW VW VLIHI
LZ 0% B8°9¢t 9°¢Z%
0Z 9¢ S°9t £°¢%
¥3 v3IYV NH-90-7v
LL°0 6°C 8¢ °S9-
1vY NIW VA VIHI
92 0% 6°9¢ €°¢t¥
ol 8t 1°Le 93°Z%
43 v3¥v Ny-93-2v
%L°0 6°¢ 0% *12-
AVYd NIW CVA VIHL

¥3_V3IYV _N¥-93-2V

1VYd NIA TVA VIHL

¥3 v3Idv NY-93-7v
Ivd NIA FVA VIHL
43 v3Y¥v NY-9I-7vV
IVY NIA VA VIHL
62 0% 1°LE $*%%
€1 0% €°LlE 1°%y

33 v3Idv NY-93-2vV
LL°3 1€ 0°% °&l
1vY NIW YN VIHL
61 0L L*°9¢ 0°¢Y
8 L9 €£°9¢ v°¢h
¥3 v3IYV NY-92-7v
9L°0 0°% 2°9 °1¢-
lv¥ NId TVA VIHL
62 0L B8°9¢ 9°¢¥H
82 1L 6°9¢ L°¢Yy
d3 v3dv NY-93-7v
86°0 9°¢ Z2°9 °*61-
Ivd NIWA VA VIHI
0L ¥Z 2°6t €°2%
69 S1 <Z°St %°¢Y
¥3 v3IYV NYy-93-7v
ve*0 21 L€ °0
LV NIA VA VIHL

papnpuo) (q)—"¢-£ 2AqeL,

2 9 G°8E R yy
43 v3dy NY-93-7v AvY Avl
€¥°0 6°0 0°2 °6S-
Lvd NIW CVA VIHL

LZ 62 9°le 6°¢Y

43 v3dv NY-93-2v AVY AVl
»8°0 §°C 0°€¢ °*0¢-

1vd NIN VA VIHL

Z€ 0L 8°9¢ %°%% 9°0 01
LT %9 L°9¢ G° %Y

43 V3IYV NY-90-7ZV AvYd AVL
96°0 %% Gy °91-

198 NIA VA V1iHL

6Z 001 9°9¢ €°e%» 9°0 Ot~

BT 68 0°LE 2°t¥y

43 v3IYV NY-9I3-7v AvY AVl
SL*0 9°% 1°9 *LbH-

1vYd NIA FVA ViHL

02 031 8°9¢ 5°t% 9°0 0¢-

L1 96 L1°9¢ 0%y

¥3 v3IYV NY-93-7v AVY AV
29°0 €°% 6°9 *21~-

1vd NIW fVA V1HI

8S S5 L°HE 6°C2% 9°0 0
8% TL L°%¢ 6°2%

¥3 VIYV NY¥-93-7v AvY AVL
8%°0 £°¢ 8°9 °%

LYY NIW CVA VIH}

fyd

rdd

5°0

ryd

EARY

rad

9°0

rdd

ryd

741

741

26

21

691

7381

bl

744

9¢el

741

742

74)

‘4

23)

‘4

74D

5°1

743

LEM)

¥4

1°LE

LLE M)

L°9¢

LE W)

8°9¢

¥4)

0°s¢

V4l
SYe2
AAIL

LEN
ovee
ELRNY

vohy

vd4)
12374
INTL
g2y

v4)
8cec
Inil
s°ey

v3)d
czed
ELRNY
9°Zhy

vd4)d

91€e
IAlL

59



43 v3dv

vy NIA

¥3 vIdv

1vd NIA

43 v3IYv

ivYy NIA

343 v3idv¢

1vd NIA

H3 v3dv

tvd NIA

43 v3Iyv

Lvy NIA

43 v3Ivv

vy NTA

qY¥-9)3-7v

FVWN ViHIL

NY¥-92-2v

FVA VIHL

nY-92-7v

FYA VIHL

n-93-2v

FVA VIHL

ng-92-7v

Fva VI1HL

19-93-2v

FYW V1H1

NY-93-2v

FVA VLIHI

6=INIA

43 v3¥Y Nde-93-7v

LVY NIA VW VIHL

¥43 v3Idv NY¥-93-7v.

Lvd NIA FYW VIHIL

43 V34V My-93-7v

1vY NIA TVA VIAL

33 v3IAV NY-9I3-2v

Lvd NTA VA VIHL

43 V3V NY-93-7v
Lvd NIN VW VIHL
52 S€ 1°1Z B°L ~
ST GE L°3Z B8°L
¥3 v3IUY NA-97-2v
50°0 6°7 L*E "GE
LVY NIW FVA V1AL
S» YE Z°vz 0°01
12 %€ 6°%Z €°01
¥3 v3IWV Nu-93-7¢
LE*D 0°Z £°G *55-
IVY NIW FyW V141

b=7NIA

08 6 6°0€ B°C¢
1L 6 0°Te 0°t¢
43 V3HV NY-9I3-72v
0E*0 6°0 0°€ °D

IVY NIW TVA VIHL

¥3 v3IYv NY-90-7v

IvYd NIW VA V1AL

¥3 V3¥V N¥-93-7V

IVY NIW fyW V14l

33 v3IYv NY-93-2v
1vd NIA TVUd V1HL
1e 91 €°22 B8°6

0 91 €£°2Z 9°6

¥3 v3dv Ny-93-7v
16°0 9°1 T°¢ °%»9
1vd NIW CVA VIAL

bE CET T1*22 L°5

6 66 9°2Z 6°6
¥3 VIYVv NY-93-7v
€9°0 ¥°% 0*L °0S
IVd NIA VA V141

62 YE1 G°%Z B°O1
6z 0%1 8°€z %701
¥3 v3¥v Ny-93-7v
83°0 2°9 1°L 11
1vd NIA YA ¢Ld1

E=7NIA

€€ 06 1°0€ 1°1¢ 9¢ 1L1 2°52 £€°52 §°D

12 BT1 B*62 0°0t D22 231 6°62 £°J¢E
43 v3IYv NY-93-72v  ¥3 v3Iuv N4-9I-7v AVY
03°0 L°y B°L *0% %9°0 L°S 6°B °BY
IvYd NIA FVA VIHL IVY NIA FPVA VIHL

£e 02 1°2¢ 9°1¢ 1% 2B ¢€°1t T1°1e LD

£EE 2Z 1°2¢ L°1¢ 0% 08 €°1¢ I°1¢
¥3 v3IYv Nd-90-7Zv  d3 V3Idv NU-90-7v AVY
€L°0 T1°Z 672 °"t9 18°D0 6°% G°5 °l¢E
1¥d NIA F9A VIHL AVY NIA FVA ViHL

6 12 D2°%Z €°¢1l 22 8% 6°€EZ #°21 3°0

6 1Z 02°%Z €°¢1 93T 65 6°cZ %1
Y3 v3YV NY-923-7v ¥l vIYv NY-93-IV AVY
£9°) 1°2 1°¢ *1L €9°0 €°¢ 2°S9 °L8
1vd NIA FVA VIHL LVY NIW FVAd VIHL-

61 €6 T°€Z »°€l 1Z 65T 1°%2 3°21 L°D

LT €6 1°€Z %*€T 91 651 1°%Z 3°21
43 v3dv N¥-92-7Zv  d3 v3Idv Nd-9I-7v AvVY
LL®D L*% 1°9 °1s 9L°D Z2°9 1*8 °*938
Ivd NIA VA VIHL LVY NIA Fvd VLHL

9% G11 £°¢Z 8°11 62 812 Z°%Z 5°cl L°D

6c Zel %*eZ 6°21 61 H1Z 0°%2 2°¢1

¥3 v3IdV NY¥-90-7v ¥4I Vv3IYV NUd-93-7v AVY
- 08°0 B8°G6 2°L °0- B6°D 1°8 £°8B °09

1vYd NIA VA VIHL LIVY¥ NIW CVA VIHL

0¢ J€EZ 1°ee¢ L°T1 22 82¢ 2°HZ L°¢1 L°*D

JZ %27 6°€Z 1°2Z1 51 862 8°cZ v°¢l

43 ¢3dv NY¥-93-Zv ¥d3 v3dv 14-92-2v AVY

EL°) ¢°L 8°6 0t BL°D 9°8 O0°11°9¢

IVY NIA FVAd V1H1  LVY NIAN FVA ViHL

¢t 5€2 L*%Z 9°11 €€ 6E€ 0°62Z 5°21 3°0

2E 5€C 9°%2 6711 £g S51¢ 2°62 ¥»°¢1

H3 v3Y¥v NY-93-7Zv  ¥3 v3Idv N¥-9I-7v AVY

= »L°3 %°L 0°01°01- 92°0 £°*8 G °T1°¢71-
1vY NIA fvd VIHL LVH NIA TVA VLHL

Z=INTA 1=ZNIA

D 11”) (9)—"¢-L 91qeL

0s

Avi

6L

AVi

63

AV

(42

LYY

BE

AVL

3z-

3°1

rdd

871

rad

A4

rad

32

741

IS

741

™

7Yyl

56—

7yl

»0c

741

80¢

¥l

761

s°1

742

1°06 1°1¢

443 vdId

ez

EL RS

L*1e »°1e

433 vd4)

olezZ

JAIL

6%°g2 5°21

44)  v3)

veeZ

JAlL

9°e2 1°¢el

442 v4)

32¢e?

ELR RS

€*g2 811

d44)  v3)

22¢e?

JATL

9¢2z L°J1

443 vd4)

e

IATL

I*he 2711

44) ¥4

Jlez?

AL
Lsel

HAVIIA

2o 1190

121120

60



43 v3Iyv

1vy NIW

43 v3IHv

1vyd NIA

43 v3yv

Ivd NIA

343 vy

LvY NIA

u3 v3dv

Ivd NIA

nyg-923-2v

FVW VLIHIL

n4-93-2v

Fva VIHL

nY4-92-2v

FYW V1IHL

M-923-2v

FVA VIHL

14-93-2v

FVA VIHL

¥3 vy

Ivd NIAW

Y3 v3Iyv

LvY NlA

33 v3uv

1vy NI

Y3 v3yv

1vy NIA

¥3 v3dv

1vy NIA

ny-93-7v

YA ViAL

ny-93-2v

FVA V1HL

ni-9J3-2v

TYW VIHL

NY-93-7¢

Fvd vidl

Nd-93-7¢

FeW V1AL

¥3 v3yv

1vd NIA

¥3 vIyv

1vY NIA

Y3 vy

IVYd NIW

43 v3dv

1vd Nid

43 v3dv

Ivd NIW

ny-93-2zv

YA VIHL

ny-93-2v

Frva Vil

nyg-33-7v

VW ViHYL

nNd-9J3-2v

FvAd ViAL

nY=-32-7v

Ffva V141

papnpuo) (9)—'¢-L 9[qeL

43 v3Idv NY-933-2v
IVY NIA FVAd ViHI

62 €S 1°0%v €712
62 €5 1°0v €712
¥43 v3Yv N3-93-7v
25°03 6°Z 9°S "6S
1¥Y NIAN VA ViHL

0¢ ¢8B81 B8°¢2t ¥°6GZ

61 281 82t %°*s2
43 ¢v33v NY-923-72v
8%*0 ¢2°6 6°01°¢H
IVY NIA TVA V1IHL

%Z %1 9°82 $°62

6z zy1 9°82 §°62
33 v3dv NY-92-7v
¥5°0 by 0°01°8%
108 NIA VA VidL
82 £L 082 9762
97 €L 082 9°¢2
¥3 v3Idv NY9-93-7V
GE*D 3°2 D°8 96
IVY NIA FYA V1ML

0% 26 0°Lly 3°52
43 v3IYv NY-93-7v
£€6°0 6°€E Z°% °*LE
LVY NIA FVA VLIHL

L2 821 0°0% D°82

5Z 821 0°0% 3°82
43 v3dv NY-93-7v
€9°0 0°S D28 °hg
1vd NIA VA ViHL

BT 162 B°CE B8°5¢

81 162 B8°2E 3°5

¥3 v3Idv N¥-93-7v
15°0 6°9 H°El1°1%
LVY NIA F¥a V141
vZ 112 6°82 L*5¢
12 112 6°82 L°62
43 v3IWv W-9I-7v
¥$"D 2°9 D°T1°*8G
LVY NId FUA 7LHL

€2 GE1 ¢°8Z £°32

€Z Ge1 2°82 £°9¢2
d43 v3dv IH-92-7V
5%#°0 9°% Z*5 *°55
Ivd NIA FPVA 71HL

AVY AV

$°0 9§

Avd AVL

Avid AVL

%°0 €3

AVY

%°0 6§

ryd

rad

EAN]

rad

741

5Ll

7yl

381

2yl

sce

74l

861

&R

AvE AVl Tdd Z¥L 73D

44)

3°87

443

1°82

[ED]
SheZ
341l

LED]
82g2
Anll

5

'3}
o

vid
72¢e?
AT L

61



¥43 vI¥VY u-90-7V
9¢*D LD 0% *1¢
LvY NIA FVA VIHL

¥3 v3idy QAY-93-7v
00°2 0°0 L°0 *Z¢
1vd NIA CVW VIiHL

43 v3Idv NY-923-2v
€6°0 0°T 0°2 *1L-
1VY NIAd FVYW VIHL

¥3 vIdv Nd-93-1v
00°1 6°0 5°0 °O
1vd NIW FVW VIHL

43 v3dv Nd-93-2v
00°1 6°0 s°*0 °O
1vYd NIA FVA V1HL

u3 v3dv Nd-93-7v
03°1 6°0 $°0 °O
1vd NIA FVA VIHL

43 vIdv N¥-93-7v
¢Z*0 %°0 02 °*19-
Lvd N1d VWA VIHL

¥3 vIYVY Nd-90-7v
L0 L*0 2°1 °GbH~
vy NIA CPVW ViHL

S=7NIA

98 LT 2°ve Z°%E

28 L1 T°%e 1°%¢
43 v3dv NY¥-9I-7v
SZ*0 1°1 9°% *Lly
LVd NIA FYA ViHL

65 €1 0°62 L°Z¢

Le €1 0762 L°2¢
¥3 v3Idv NY¥-9I-7v
85°0 S°T 9°¢ "6
LvY NIWN VA ViHi

GE »1 6°L2 B®0C

6Z »1 8°LZ 6°0¢
Y3 v3dv Nd-9I3-7v
98°0 6°1 ¢°2Z *°#H¢
LvYd NId CVA VIHE

88 6 0°LZ 9°1¢

SL & Z2°Le 9°1¢
¥3 v3Idv Nu-93-7v
LL*0 1°1 »°1 *1i-
Lvd NIW VAW Vi4l

L9 z 6°6Z v°1¢

0 ¢ 6°62 61t
¥3 v3dv NY¥-93-2v
00°0 0°0 L°0 *2¢-
lvd NIW FVW V1AL

0y & 8°%¢ 0°1¢

0 ¥ L°92 0°1¢
43 v3IdAv Nd-9I3-7v
19°0 B0 %1 °0
IVYd NIA FVW VI1dL
99 9 0°62 1°ve
8Z 9 1°52 1°y¢
¥3 v3dv NY-93-7v
5%°0 6°0 6°1 *99-
Ivd NIA FVYWA VIdL
L L 0°5¢ 9°2¢
09 L 8¢ G°2¢
43 vIYV Nd-93-72v
68°0 #°1 S°1 *TL-
ivd NIW FVW VEAL

Y =INIA

69 LY b RE S vE  E% LL 9°wE 8°%¢  0€ LD1 57%€ 1°SE £°D 5% L°D

S9 €Y  H°%E G°vE 1y Ll 8°HE D°GEL  O€ Y31 B*HL D°S¢C
M3 VIYV NH¥-9I-ZVv ¥3 v3Idv NEd~-92-7v  d¥3 Vv3IYV N¥-92-7v AVY¥ AVl lyd
6£°0 €*2 B*S *8% 6%°0 %t 0°L g5 ¢$°0 1°% 6°L °)%
1vd NIW FVW VIHL 1vd NIA VA VIHL LVYH NIW FVA VIHL

1€ 9¢ 0°62 G°2¢€ €2 6% 0°62 €°2¢€ 82 28 0°62 1°2¢ L°0 9 ¢t©°D

61 82 0°62 6°2¢ 22 bt 6°8Z 2°2¢ 91 9% 0°e62 Z2°2¢
¥3 v3IYVv NY-93-7v  ¥3 v3IEV Nd-9I-7v Y3 v3Idv NY-92-7Iv AvVY AVL ldd
8L°0 6°Z 0°¢ *95 1L°D 6°2 1°% *Hy 89°0 1°t 9°% *l¢C
1vd NIW TVW VIHL 1vd NIA VA VIHD IV NIAN (VA VIHL

8e 61 6°LZ 8°0¢ O 62 6°L2 8°0¢ 2% 1¢ 6°LZ L°0t B8°0 BT 2°*D

Lg 22 0°8Z B0t €t SZ 0°8Z L°0t GSE Z% 6°LZ B*OC

¥3 vIYV NH-92-7v  d3 v3YV NY-9I3-7v ¥3 V3IYV 1Y-93-7IV Avd AVl ldd
18°0 €°2 6°¢ °5& 9L°D ¥*Z 2°¢ *wZ €170 1°t 2°% *16-

1vY NIW FV¥W Y1d1l 1VY NId FUAN VIHL LVY NIA MW V1IHL

0% %1 8°9Z ¥*1¢ &HE »Z 9°9Z Z°1¢ 8E €€ #%°92 J°1€ L°0 LSG- 9°0

€2 61 9°92Z L°1¢c 8Z %2 L°92 0°1¢ 1¢ le ¥%°92 1°1¢

Y3 VIV NY-93-29¢ ¥3 v3av NJ-92-2v  d3 vIUV NE-93-2V AvY AVl rdd
89°0 8°1 9°¢ *ll- LL*0 #°2 1°¢ °€Z- 6L°0 0°t 8°¢ "gZ-

Ivd NIW CVW V141 IV NIA FUN VIHL 1YY NIA FVA VIHL

2% 01 0°9Z »°1€ %€ BV ¥°9Z »*1e €% 92 6°9Z €°1¢ §°0 1h- 5°D

9¢ 6 1°92 »*1¢ 82 81 9°9¢ €°1¢ ¢2¢ 12 8°9¢ £°l¢

¥3 v3IEV Nu-93-7v  HI v3IHY NY-92-7v d3 v3Yv NY-92-7ZV AVH AVL lid
€8°0 G°1 8°1 *16- 99°0 6°1 6°2 °1S~ »L°D Z2°2 0°€ °59-

194 NIA PVA Vid44  1UH NIN TVA ViHL  LVY NIA VA VLEHL

6t 1 1°92 €°1¢ 8¢ 1Z 6°9Z 9°1¢ 02€ 62 %»°9Z 2°¢2t S°0 LYy- 3°2

9Z €1 9°9Z »*1¢ b6 1Z B8°9Z 6*1¢ 12 »Eg €°92 J3°2¢

¥3 v3IYV NY-93-2v  d3 v3IEv N¥-93-7v  ¥I VvIYV NH-0D-2V Avd AVl fud
8Y°0 #°1 6°C *6S- 65°0 6°1 €°t *€8- €9°0 9°¢Z 1°» °*°29-

IVY NIW CVW VIHL Jod NIWN FVA VIHL LVYd NIA VA VIHL

€y Y1 0°67 6°t€ €Z €EZ 1°6Z B°€e B8t lg 1°6Z 3°te »°*D 89- £*D

Ly €1 6°%2 0°%¢ €2 €2 1°GZ B°€€ 0Z 92 1°S2 9°¢t¢

¥3 V33UV NY-93-2v  ¥3 v3IYV NY-92-7v  ¥3 v3HV NY-93-7V AVYE AVL ridd
€%°0 €°1 0°€ *89- 8%°D B8°1 8°¢€ °0OlL- G%°0 6°1 2°% °*B9-

LVY NIN FVA V1i4)l 1V NIN VA VIHL 1VYd NIA VA viHL

€€ 91 0°62 9°2¢ 9Z %2 0°S2 9°2¢ 82 G€ 0°SZ 3*°2€ L°*0 €L~ 2°D

22 91 1°62 8°2¢ %1 32 2°6Z 9°2¢ 12 %&£ 8°%Z 3°Z¢

¥3 V3IWY NY-93-2v  HI ¢3Idv Nd-90-7v  ¥3 v3IUV NY¥-90-7V AvVY AVl rdd
09°0 L°1 B*Z *¢B- %8°0 9°¢ 1°€ *%9- BL®D 6°2 L°C °*¢8-

VY NIW VW Vidl  LvY¥ NIA PUA VIHL LVY NIA FVA ViHL

E=IN1A C=INI1A 1=ZNIA

V 112D (B) "e1e( asdiig feaur'] TT-LIN—"t-L dlqel

212

74l

7yl

5%

741

58—

241

091

F&:28

73¥1

J61

741

[Ta}
.
~N

73)

5°¢

739

74)

5°¢

4D

5

737

St Lve

¥343 v4)

lsg?

AATL

0°6Z w*2t

¥43  vd)

16€2

3411

5°12 B*0¢

Y42 ¢4

SveZ

IATl

L*9Z £°1¢

3443 v3d

ovel

E) BN

2°92 %1t

434)  vdd

wE€el

EL DB

9°9¢ 5°1¢

¥4d  vd4)

BZee

EL) DY

0°6Z o°tt

443 vd4)

(4434

ERARE

0°6Z 9°2¢t

#4) ¢4

gz

IALL
jLezt
HAVIIA

LA Ce)

62



43 vIdv NYy-92-2v
00°1 $°0 6°0 °*O
1VY NIW PVW VIHL

A3 vIYV NY-93I-7v
00°1 6°0 6°0 °0
1vd NIA FYW ViHL

¥3 v3IYv NId-93-72v
00°1 6°0 §°0 °0
1vd NIN VA VIHL

¥3 v3IYV NY-93-7V
Le*0 »°*1 B¢ °99
Ivd NIW FVW VIHL

43 v3Idv Nd-93-7Iv
69°0 6°1 L°¢Z °28
1v¥ NIA VW VIHL

43 VIV NY-90-2V
{5°0 6°0 9°1 *11-
LvYy NIA YW VIHL

¥3 v3dv NY-92-7v
00°1 6°0 6°0 *O
Lvd NIW FVW VIHL

43 v3dv Ny-9I-7V
62°0 93°0 0°Z *0L-
1VY NIA VA V1HI

9911 Z2*1y 0°8e

0 1 0°2» 0°8¢
¥3 v3IYY N¥-93-7v
00*1 6°0 6°0 *J
LvYd NIA VA VidL

001€  6°8E 0782

0 € 0°6¢ 0°8¢2
¥3 V3IUY Nu-93-2v
62°0 $°0 B8°1 °0
lvd NIW FVW viAdL

001y Y*6€ 0782

98 4 L*68 0°8¢
¥3 vIYV Nu-93-7v
#5°0 B*D S°1 "06-
LvY NIA TVW V1AL

05 0g 8°ce 1°l¢

Lle 0t L*ee 0°L2
¥3 v3¥v N¥-93-7v
0%°0 6°1 B*% °*Ll9I
1VY NIA CVAW VIHL

92 0 9°gZ €°22
22 0% 2°tZ 1°2¢
43 v3IUV NH-93-7v

18°0 2°¢ 6°¢ "L
ivd NIA FVW viHL

9¢ 0¢2 9°RI 6°02

92 92 L1°8Y 9°0¢
43 v3yv N¥-90-7v
98°0 €°¢ L*Z "09-
iVY NIW CVW VIHL

0y 8 9°31 6°6

0 8 9°91 5°6
W3 vIAV NY-93~-7¢
SY*0 0°1 £°Z *06-
1vd NIW VW VIHL

L5 01 €°ST 1I°R

3% 01 %°S1 %°8B
43 v3yv N¥-93-7v
25°0 271 %*2 °s8
LVv¥ NIA TVA V14l

2L 92 0°1% 9°ne

€L 21 9°6t $°BC
¥3 v3¥v N¥~93-7v
89°0 9°1 £°¢ °82
1vd NIA VA VILIAHL

1L 82 876t 9°8¢

€L 21 9°6f 6°82
43 v3Yy N¥-92-1v
89°0 9°1 £°¢ °8¢
1YY NIW FVW v1dld

1L 82 1°0%» 9*82Z

€L 21 9°6% 5°8Z
Y3 vIdv NY-9I-7v
89°0 9°1T €% °8¢
LYY NIA TVA Vvidl

SE €6 8°fE 1*L¢

6 ¢G5 0°%e €°1L2
¥3 v3IYv NI-93-7v
Z6°0 6°2 6°S *66
VY NIW FVA viHl

¢C Sl 672 ¢*2Z

81 L9 ¢6°%¢ %*?2
H3 v3IYv N¥-93-7v
L3°0 L*¢ 9*S °09
ivd NIW VA viHl

6 2% L°81 1°0¢

A€ 2% S*81 0°0¢
Y3 v3yv N¥-93-7V
2870 €°¢ 0°% *6l-
1vd NIW VA viHi

68 %1 &°91 6°6

0z 6 791 %5

M3 v3IWv NY-90-7v
96°0 ¢°1 2°2 *86%-
1vd NIA Tuw vidl

ty 12 1°%1 0°8

2€ 61 0°61 1°L

¥3 V3PV NE-93-2Vv
18°0 ¢°¢ L*¢ °0%
lvd NIA YA VI

gy 26 6°0% £°6¢

¢y 8% Z°1% §°6C
H3 vV3IWV NY-90-7v
98°3 9°¢ T1°% °*°G8
IvYd NIN VA ViHL

16 €9 9°0% £°62

2y 8% 2°1% B8°62
d43 v3dv N¥-92-7v
38*) 3¢ 1°y °6g
Llvd NlA FUA VIiHL

£y €6 L°0% €62

¢y 8% 2°1% 8°62
43 vIdv Nd-00-7v
98°0 9°¢ 1°» °¢g
vy NIW PVA ViHL

€ 9L 6°¢tL Z°i¢

€2 9L 0°%e 2°t2
43 v3¥v NY-90-7v
19°0 8°¢ 279 *8§
1vd NIA FUAd VIHL

%2 111 €% 122

T¢ 011 6°%¢ 1°¢¢2
¥3 vidv NE-99-7v
%9°0 Ly €°L *9L
1vy NIA TVUA VIiHYL

LZ v9 L*°B1 8°61

92 %9 8781 9°61
43 v3uv NW-9d-7v
83°0 Z2°% 8°% °8¢
1vYd NIA oA VIHL

Ltz 1¢ ¢*91 6°5

61 61 %*91 L*6
¥3 v3Idv NE-90-7v
S5L°0 1°2 8°¢ *0L-

1vd NIA Fvd VIHL
22 €€ §°%1°'8°L
12 te L°»1 L°}

33 v3dy NY-90-7v
gL°) B°Z 9°¢ °1v
Loy NIA Ied viHL

D 118D (A)—"p-L 2IqeL

T% 8L L°0% 5°5¢

0% 26 1°1% 9°6¢
#3 vV NA-9)-7v
66°0 6°t T°% *6%
LVY NIA VA viHl

6% 8L S*1% 5°5¢

0% 25 1°1% 9°6¢
43 v3IYv N¥-93-1v
56°0 6°¢ TI°% *b54%
Ivy NIA TVd VIHI

£y 8L %°1% 6°5¢

0% 26 T1°1% 3°5¢
43 v3Idv AH-30-7v
S6°0 6°¢ T°% *6%
1vYd NIAd Tva VIHL

BZ 66 6°€€ £°L1¢

81 L6 Btfg £°Ll¢
d3 v3Wv NY-9I3-2v
89°0 9°% L°3 *G69
1Vd NId FVA ViHL

%2 9%1 9°%Z 1°¢¢

B L2l 2°»g 2°22
43 v3IYv Ny¥-93-7v
¢9°*0 0°6 0°8 *L¢
Lvd NIA Tvad viHl

€2 98 L°B1 %»°61

€2 9L L°81 5°51
43 v3I¥Y NY-22-7v
6L°0 €°% v°S "Ll
Lvd NIA TVA VIH]

L% 82 6°S1 3°%

91T €& 8°S1 §°5
d43 vauv Ny-9a3-7v
86°0 »*¢ 2*% °*L9
1vd N1A FPVA ViH)

8¢ S% 9°%1 9°L

¢C 6t LTyl 8°L

¥3 vIdv Ny-9)-7v
29°n 1°¢ 8°¢ °09
1vd NIA FUA vIHL

3°0

AVY

90

AVY

3°0

AvyY

5°0

AVY

L°D

8°0

AV Y

L*9

AVYH

Le

AVY

lE

AV

L3

AVl

19

AVl

1L

AVL

6%

Avi

03-

AVL

34

AVl

120 S AVA
rdd zul
1*2 e¢2
rid zdi
8°1 42¢
ryd 74l
1°0 do0¢
rdd 7di1
3°J 08-
fdd 791
L°Dd »-

rdd 74l
70 56

road z¥l
5°0 1§

rdd zvl

52

743

¢

74)

‘R4

74D

5°2

740

52

73D

742

0°1h

R ]

2°0%

¥4D

»°0%

¥d4)d

[-E )

L°B1

v4d
Shed
FATL

262

v4d
RZEZ
Fall

56

vid
21¢ed
ERN

21122

63



Sy 4% 6°92 1°%9 12 €01 1°LZ %°29 12 €91 2°1Z 9°09 9Z €22 %°1Z 6°86 1°0 Ol 6°€ - 6°Z 1°LZ 6°19

8% 4% 0°LZ €°%9 €2 06 O0°LZ €°29 81 291 1°LZ 0°09 &1 80Z G°LZ %°"6S
Y3 V3YV NY-90-7Zv  ¥3 V3IYV NMA-90-2v M3 V3YV NY-9D3-Zv  ¥I vIUY NY-92-7V  ¥3 V3IYV NY¥-9I-ZV AVY AVLI T¥d Z¥L Z4D ¥Md4D V4D
%9°0 S0 1°1 °0 22°0 L*1 6°L €1 81°0 €°¢ 2°*21°6 81°0 0°€ 8°91°1L 61°0 9°¢ €°81°¢ 06l
1VY NIW_CVW VIHL IVY NIW CYW ViHL  JVY NIW VW VIHL IVY NIW- VN ViHL LIVY NIW FVW ViHL ANt L

0% 0% B8°fZ €°1l6 22 96 1°%Z 9°69 22 2¢S1 %°%Z 0°%S 22 80Z L°%2 £°26 2°0 9 €°¢ 01~ §°2 £°%2 8°%S

92 0% B8°€Z ¥°lG €2 96 2°%Z L°6S5 61 CS1 #°%2 #°es 91 %61 L°9Z L°2S
¥3 VIYV NY-93-7Zv  ¥3 VIUV NY-9I-7Zv A3 v3IYV NY-9I-7V W3 V3IYV NY¥Y-92-7Vv ¥3 VI¥V NY-9D-ZV AVY AVL Cdd Zd1l 742 ¥3D Vi)
12°0.8°0 %°2 0. _91°0.%°1 .1%8 °6 1270 $°¢ 0°21°9 €270 €°¢ ¥ °Y1°¢ »2°0 6°¢ L°S1°2 selLl
1VvY NIW fVW VIHL 1VY NIW FVYW ViHL IVY NIW VW VIHL1 1vd NIW FVW VIHL 1Vv¥ NIW FVW ViHL AINLL 818D

0o 9 9°9Z 4°1e 91 61 1°12 8°0t L¢ 2& 6°lZ €°0€ 91 Sh 0°8Z 8B°6Z €°0 $1- ¥°1 2%~ G6*2 £°L2 9°0¢
0 9  9°92 €°1€ 0% 91 0°LZ 0°1€ 11 ZE 8°LZ €°0€ % 0% 6°LZ 8°62 )
Y3 VY34V NY-9I3-2v_. ¥3 V3YV N¥-9I3-72v U3 v3IYV NU-9I-7V Y3 V3IYV NY-ID-7V  ¥3 vIUV NUY-9I-7Vv AVY AVI fdd 7¥1 Z43  ¥d4D V4D
L€°0 8°0 2°2 °*Z1- 6£°0 %°1 G6°¢ *S1- 9¢€°0 6°1 2°S *¥1- 14°0 ZT°2 G6°G °*€1- SeBl
1vd NIW CYW ViHL IVY NIW VW VIHL IVY¥ NIW FVYW VLIHL 1v¥ NIW CVW ViIHL 1VH NIW FVW V1HIL INLL

0 8 0°62 6°0€ 6 02 1°6Z $°0& 9 <2t 1762 2°0t 12 %% 2°GZ 6°62 €°0 81- 9°0 €1~ 62 1°62 %°0¢

tl.-lt: |Ib!m“:b.mN‘owHMONoN—.mNOoOMN_Nmm.mNm.0~o—wm—.mNN.om
¥3 VIYV NY-9I-7v . ¥3 VIWV NY-9I-7v 3 v3IUV NY-9D-7IVv H3 V3IYV NAU-9I-Zv ¥ VvIYV NUY-9I-ZV AVY AVL dd Z¥L 740 Ad4D Vv4D

0%°0 0°1 #°2 *92- T€£°0 #"1 %°% °G1- G€°0 8°1 €°G °*H1- Z#°0 2°C €°S °*91~ 0¢Z8il
AVY NIW FYW V1ML  1VY NIW VW VIHL  IVY NIW VW VIHL 1VH NIW FVW ViIHI  1V¥ NIW CVW VLIHL IWTL

0 8 6°2Z 9°0€ 8€ 1% 2°€2 %°6Z 2% %L 6°€Z €°82 €2 L01 L°%Z 1°LZ €°0 - L°Z 1€~ 6°2 9°€2 6°82
T T 07 8 Tev2z 0°TE €2 86 €°€2 8°82 Z% YL 0°%Z €°92 22 801 9°%2 vz
¥3 VI¥V NY-92-Zv  ¥3I V3IUV NY-9D-ZV ¥I VIYV NY-9I-IZV ¥3 v3IYV N¥-92-ZV  d3I VIHV N¥-9I-2V AVY AVLl ,/¥d Z¥i 74D H4D V4D
¥5°0 60 1°1 *0 %%*0 0°1 €°2 *0 22°0 8°1 9°9 *H1- Q€°0 9°Z 8°8 *0- 2€°0 £°€ €°01°¢— 5081
1vYd NIW CUW VIHL LYY NIW FVW VIHL IVY NIW FVW VIHLI IVY NIW CVW VLIHL IV¥ NIW FVW VIHI Swll

61 .82 _1°17 2°62 92 2S5 9°12Z L*82 12 9¢ 0°22 £€°82 61 001 #°2Z 8°L2 2°0 €- 2°1 €%- 6°2 8°12 «°82

9 82 T°1Z 2°67 €1 2% ¢€°1Z 8°82 L2 %L 1°2Z 6°12 11 001 %°22 1°82
¥3 VIUV NU-92-Zv  ¥3 VIUV NY-9D-Zv ¥3 V3IYV NW-9I-2V ¥3 Vv3IYV NY-9I-ZV Y3 VIYV NY-9I-7ZV AVY AVi M¥d Z¥t 742 ¥d42 vd4D
LE®0 8°0 Z°Z °21- 0Z°0 £°1 6°9 *¢- 12°0 L"1 8°L "Z- 8Z°0 G6°2 0°6 °*9- 62°0 0°¢ €°0V1°G~ 0sl1
LVY NIW VW ViHL 1vY NIW FVW VIHL  1VY NIW (VW VIHL 1VY NIW VW VIHL 1V¥ NIW YW VIHIL Il L

"9¢ 81 8761 1°0€ €1 0 2°0Z 2°0€ 0Z 29 9°0Z °0€ 92 48 0°12 S*0€ %°0 81- 8°0 642 S°Z %°02 f*0t

. 0Z 81 0°0Z 0°0¢ 6 O% 1°02 6°0€ 62 29 9°0Z 2°0f %1 06 1°1¢ G°0¢
¥3 v3IYV NU-93-Zv Y3 VIUV NY-9I-2v U3 V3YV N¥-93-ZV ¥3I vIYV NY-9I0-ZV ¥3 vIUV NY-9I-7V AVY AV1 fYd 7¥1 742 4D vd4D

12°0 $°0 %*2 *0 6€°0 G°T B8°€ °62- 9%"0 %°2 2°G °»1- B8%°0 0°€ »°9 "0Ol- 6%°0 L°¢ S°L °1- sedl
1vY NIW VW VIHL  1vd NIW FPVW VIHL  1VvY NIW CVW VIHL LVY NIW FPVW VIHL L1V¥ NIW FVW ViHIL Wil wimed
89t S
S=INIW %=ININ €=INIW Z=INIH T=7INIW HAVQOn

ereq 9sdiid TSSN—'G-L S1qBL

64



¥3 VIWV NH-9)-17V

1VY NIW FPYW ViIHL

¥3 v3IYVY NH-93-7v
%50 S0 1°1 °0
1v¥ NIW VW V1HL

¥3 vIYV N¥-93-2v
i1vYd NIW VW VIHL
¥3 VIUV .NH-92-7v
1VY NIW FVW VIHL
¥3 VUV NY-993-7v
1vd NIW VW VIiHL
¥3 V3HV NY-923-2v
1vYd NIW VW VIH1

¥3 V3IWV NH-92-7V
60°0 £°0 9°¢ °a?
1vd NIA FVW ViHL

Y3 vIHVY NY-9I-7v
L0°0 €°0 1°S *#%1
LvYd NIW FVW V1HL

€€ 02 6°LG 0°%L
Y3 vawvy Nu-9I3-7v
140 9°1 8°¢
1Vd NIW FPVA ViHL

86 21 L°%S L°92
86 21 B8°%S €°9L

¥3 v3IYV Nu-93-7v
%2°0 6°0 6"t °¢

€8 %1 8°0S 1°08

€8 ¥1 0°15 0°08
Y3 VvIUV NY-9I3-7v

CELT0 . L70 L7S ¢

1v3 NIW VW VIHL

28 %2 [°9% 4708
¢9 2 0°Ll% 6°08
3 NIWY NY-92I-2V
%2°0 £°1 676 °*S

1vYd NIW CVA ViHL

08 %2 %°2% ¢°08

%6 bz 9°Zh 9708
¥3 Y3IWVY NA-9I-7V
620 €°1 $°G °01
1VY NIW YW V1HL
1€ 96 2°8€ G-6L
1€ %6 €°8€ 1°6L
¥3 VIYV NY-93-2V
1€°0 €°2 %L "02
ivd NIW FVYW V1iHI

Y9 9g S EE ¥°HL
vh 96 L€ S 4L
¥3 vidv NE-93-2v
62°0 £° L*L *81
1vy NIW VW VIHL
9¢ 86 0°0t 1°0L
Z1 85 1°0€ %-0L
¥3 vIHY N¥-99-7V
%2°0 1°Z L°8 *12
1vyd NIW VYW VIHIL

TEh—

LAY NIW.LYH VIHL.

LY 0L 0°8S 9°61
¥3 v3dv MY-93-7v
19°0 9°t 0°9 °*H-
iVY¥ NIW VW ViHIL
ve 69 8°€G 81l
Ye 89 %#°€S G661
¥3 v3IYv N¥-93-7v
9%°0 1°¢ 8°9 "¢-

LYY NIW VW VIHL

¥y 08 6%6% 8°61
2% %1 8°6% 0°08
u3 vIUV NE-93-7V
6%"0 ¥*¢ 6°9 ¢

1vYd NIW VW VIHL
€€ 68 6°GY% 2708
1¢ 001 G°G6% €°08
¥3 VIYV NY-9I-7V
06°0 0°% 6L "6l
1VY NIW VW VIHL
€E 26 ¥°1% 6°8L
Z€ 86 T1°1% €°8L
W3l v3IYV NY-9I-7V
GE*0 €°¢ ¥T6 *91
Lvd NIK VW ViHL

CE TC1 v°Lle 9°LL

1€ 811 ¢°L€ 1L
¥3 v3Idv Nu-93-17v
LE°0 L°¢ 676 "¢Z
1vd NIW fVW ViHI1

62 611 H°¢e 0°€L

92 921 1°¢e 1°2L
Y3 vadv Ny¥-93-1Iv
82°0 €°¢ 8°11°81
ivd NIw VN VIHIL

02 %01 8°6¢ L°L9

G¢ 20T 9°6¢ £°L9
43 v3¥V Nu-93-7v
%20 8°¢ ¥ 11 21
1vY NIW FVW VIHL

L€ 921 0°15 €714
¥3 V3IUV NY-9I-7v
09°0 6°% 1°8 *01-
Ivd NIW YW ViHL
9z 921 6°26 8°81
12 921 L°25 6°8L
¥3 VIYY Nu-93-7V
SS°0 L% 6°8 *0-
1VY¥ NIW FVW ViHL

Ye 991 1°6% 6L

1€ 941 9°8Y €61

¥3 v3IYV NY-93-7v
%6°0 0°S 1°6 °%1
IVY NIW VW ViHL

62 661 1°G6% 6°6L

62 %81 0°5% 0°08
43 v3IUV NY-90-7v
%6°0 1°S %°6 *9¢
1vd NIW FPVW VIHL

82 091 €°0% Ss°LL

12 091 2°0% 1°L2
¥3 VIV NY-93-7v
1%*0 9°% 0°11*12
1vY NIW FVYW ViHL

%2 061 9°9¢ 9°62

€2 061 %*9¢ €©°S¢L
¥3 VIVY Nd-93-7v
Ye*0 S°% Z2°e1°61
IvY NIW FPYW VIHL

62 281 Z2°¢t 9°1L

62 ¢81 ¢€°¢ge L*12
W3 vaIdv Ny-93-7v
BZ°0 0°% 2°%1°211
18 NIW VW VIHL

¢Z 051 9°62 ¢£°¢9

€Z 061 9°62 £°99
¥3 vV3UV NY-93-7v
€20 €€ 2 %111
1VY NIW FVW VIHL

%2 %91 6°9% S*1}

¥3 vIYV NU-93-7V Avy

1970 9°S 176
1vY NIW VW VIHL

€Z €81 0°¢ZS 8761

6 HL1 %°26 €°81
¥3 vIYV NY¥-923-7Vv
05°0 2°6 %°01°¢e-
ivd NIW VW V1HL

9¢ C1Z €78% 1761

02 981 8°8% Z2°6L
¥3 v3dv NY-93-2v
19°0 0°9 8°6 °¢1
1vY NIW VW V1HL

6Z 022 £°%Y 9°61

91 961 S°Hy G°6L
¥3 v3IYv Ne-92-7V
09°0 1°9 1°01°82
1vd NIW VW V1HL

82 822 2°6t 1°9L

91 002 S°6€ 9°9L
W3 v3IYv NY-90-7v
%0 €°9 6°11°62
ivd NIW FVW ViH1

61 8SC 6°9¢ L°€L

G1 HE2 1°9¢€ 1°%L
Y3 vIdv Ny-93-7v
%€°0 0°S 9°%1°61
1v¥ NIW FVWA VI1HI

12 a%¢ 1°¢e ¢°0L

61 8%Z 2°te €°0L
¥3 V33UV NI-9I-7V
0e*0 6°% 0°91°61
1VY NIW T'VW VIHI1
12 961 5°62 8°¢9
01 912 6°62 0°¢9
¥3 v3Idv NY-93-7Iv
9¢°0 2°% 1°91°6

1vY NIW CVW V1HL

PaNUIIUO)—"G-£ 9[qBL

*Cc1-

¥*0

AVY

€°0

Avd

%°0

AVY

£°0

AVY

AVY

2°0

AVY

2°0

AVY

Avl

Avl

AVl

L1

AV1

91

AVl

12

AV

81

AV1

%1

AVY

rYd

L1

ryd

S°E

rdd

1°%

rdd

L2

rad

r¥d

F&.HS

6¢1

Nxh

69

Y1

69

7¥1

8t

741

12

Y1

Y1

AR

743

6z

737

s°2

749

g°¢

747

.6°¢

747D

4D

¥4

G°GY

¥4

9°0Y

¥d4)

[(APRS

L.E ]

e€°ee

¥4

v4d
g6l
EP NS

6L
v4)
0Ze61
ANT L
0°08
vd4)
Q061
ERRNE
c*8L
vd4d
04817
IWTL
2°9L
v4)
qE81
Inll
t*21
v42
NeR1
REDNS
699
vdD

<081
IATL

65



¥3 v3dv

1vd NIW

Y3 v3uv

1vd NIW

¥3 vidv

Lvd NIwW

¥3 vadv

1vd NIW

¥3 v3dv

1LvY NIW

ny-93-7v

FVYW VLiHL

nYy-9J-2v

VW VI1HL

ny-92-7v

fvW ViHIL

ny-93-2v

FVW VIHL

ny-93-2v

FYW ViHIL

Y3 vIdv NY-9I)~7v
1vY NIW FVYW VIHI

0% 8 1°0¢2 07218
o 8 0°02 0°19
¥3 vIvv NY¥Y-92-7v
01°0 6°0 8°% °0
1VY NIW VW VIiHL
18 91 Z2°61 2°8S
18 91 Z2°61 $°8¢
Y3 Vv3dv N¥-93-2v
16°0 9°71 1°¢ °s1
1vY NIW FVW VIHL
a8 & 6°99 Z2°21
0014 0°L9 0°2L
¥3 v3dv N¥-93-7v
21°0 €70 2°¢ 0.

IvYd NIW FVW VIHL

9% 01 6°29 6°ZL
15 01 8°29 %22
¥3 V3NV NY-93-2V
L%°0 2°1 §°2 °2
1vd NIW (VW VIHY

0% 02 0°8% I°%L

0 T ¢°¢Z 1°9%
0 %1 ¢°22 2°9¢
¥3 v3I¥YVv NA-9I3-7v
11°0 8°0 0°6 °1
1VY NIW FVW VIHL
Yy 1€ $°02 0°99
6Z 82 6°02 Z2°9¢
Y3 v3dv NY-93-7v
6Z°0 S°1 8°¢ *¢
1VY NIW VYW V1HL
GE 0% 9°61 (L°*LS
0t %Y 9°61 s°l6
¥3 V3V NY-93-7v
€9°0 »°2 9° °8
1VY NIW FVYW ViHL
8% 69 %°99 8°21
SY %% %799 0°¢l
¥3 v3Yv NAd-9I)-2v
£%°0.9°2 276 *€1-

IVY NIW FVYW VIHL

19 89 €°29 0°%L
€9 29 8°29 0°GL
M3 _v3WV N¥-97-2v
2670 2°€ 1°9 *02
IVY NIW FVW ViHL

e €L 9°1S 4°5L

9- 02 #H°Z%2 %°sS
0 %2 6°22 0°4S
Y3 vIdv NY-93-2v
%1°0 0°1 2°L "0
1vY¥ NIW FVW VIHL
€2 ¥S L°02 6°%%
8Z %S L°0C S°%S
¥3 v3dv N¥~-9I3-7V
/Z°0 1°2 8°L *2
1vYd NIW FVW ViHL

1€ %9 6°61 Z2°LS

1e %9 6°61 6°9%
¥3 YIdv NY-923-7v
9€°0 L2 %L °s

1VY NIW TVA VIHL

0% LOT1 0°99 %€l

1€ 901 6°99 6°¢L
Y3 v3adv Nu-93-1v
$9°0 9% 2°L °9
IVY¥ NIK VW VIHL
¢y 9¢1 8°19 1°62
9¢ 921 %°19 %°sl
¥3 vIyv OH-93-7V
89°0 2°s 9°L *6Z
1vd NIW CVW VIHL

9¢€ 921 2°LS 8°9L

0 LT 6°22 L°%S
0 %»Z 6722 0°6%
w3 vIYv NU-93-2v
»1*0 0°1 ¢2°L *0
LVY NIW CVA VIHL
Bl L1 0°12 6°€S
ST 0L 6°02 ¢°%s
¥3 vIYV NY-93-2v
62°0 6°2 9°8 “0-
LvY NIW VR ViHL
61 88 2°0Z 9°95
L1 %8 €°02 0°LS
Y3 vIyv NY-9I-2v
BE"0 2°¢t £°8 °Z
1VY NIW FVW V1iHL

€L 65T 6°S9 6°¢L

22 8%1 L°G9 b gl
¥3 V3¥V NY-9I3-7v
%60 0°S £°6 %1
1vYd NIW VW ViHL
0t %81 2°19 2°9¢L
€2 261 €°19 €£°64
43 vadv NA-93-7v
69°0 6°9 €76 °*1¢
1vYy NIW CVW VIHL

92 6L1 6°9S 1°8L

papnouo)y—6-/ SIqeL

170

Avy

2°0

AVY

AVY

$°0

AVY

AVL

Avi

AVL

AVl

91

AVl

61~

rdd

1°2

ryd

rid

v°1

rad

s

rdd

Lz

[a-}1

91~

741

e

741

291

7M1

61

241

€91

0z

742

z4)

sz

740

Y22

L-E M)

s°02Z

¥4d

2°99

¥4)

0°29

L.E ]

LA R

¥°6S

Vi)
6061
ELASY

$°6¢%
vd4)
0581
ELINE
h°ls
vd4d
Se81
IWIL
1°¢l
\EM
020¢
EL)Y)
S°He
vd4)
6002
Il L

1°9L

Q113D

66



68~ 68-

‘uoieAald snsisan dew elep-passadosdald -1 HIN—"1 - a4nbi4

68-

68- B9p ‘NOILISOd X

€01 -
S Jon )
ch mmmvn,s\/ » jwowm..n. /.,,_rJ/F 66
ﬁ . rr. c6-
\mﬁ ¥ /y 16- <
)
[e]
@
- 32
48 -0s ]
8-9 05-0 vw«
o ov-0¢ £8-
v 0E-02
z0-10 0z-01 6L-
xew
Z/z 2ap
HVY3NIT JINHLIBYDOT 30vks Sz~
:QN3931 JIWHLIEVYO0T
_ CRRED)
svee ovez YEEZ 8zee zzee 912 oiEZ IWIL
v e £ -z z - ¢ B3 'NOILVA3I3
6 e Z/L 9 s v £ wy ‘IHOI3H
olL-

9LL~ B3P ‘NOILISOd X

DINIHLIYYOO]
[_vT130

1184
l
€

91€2
Z/il

[44%4 :14%4 veez ovee SbeT [R:1%4
4 Z/Lt € z/e 14 14154
S 9 L 8 6 ol

L5€T
S
18

{9~
69-
. ~<
S
g9~ 2]
]
Q
1g- %
~
3
{5-
€6~
INIL

Bap ‘NOILVAII2
wy ‘LHOIFH

67



— 114 00112100

116 €2233210
118 13444220
120 35443210
122 45433100
124 33332210
126 21121111
130 01121100
132 12222111
134 23232121
136 23332221
138 23432221
140 23432221
142 04433332
144 04433331
146 03444320
148 01444310
150 00445321
152 00345431
154 00234332
156 00124211
158 00033000
AZIMUTH RAW INDIVIDUAL ELLIPTICAL ELLIPTICAL
DATA FITS PARABOLOID CONE
(a)
NN U 5V E 022111 _
112 033222
1la 144221 :
116 144322
118 354322
120 554221
122 444211
124 344100
126 123100
128 021000
h ]
134 22110000
13 22211110
138 23221110
140 23222120
142 - 23222210
144 13332200
146 24333200
148 24343210
150 34344310
152 14444310
154 04443210
156 02453221
158 00343331 \
160 00244442 \
162 00022442
164 0000133}
166 00000122
168 0€000012
(b)

Figure 7-2.—NSSL data and plots. {(a) Time 1735. (b) Time 1750.
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Figure 7-2 (continued).— (c) Time 1805. (d) Time 1820.

69



116 .. vla2z2l

119 01322
120 34321
122 44320
124 i 322C0
. 140 Q.. AN 222100
142 00 332110
14400 ... 343221
146 00 443331
. 148 Q0. 433231
150 0C 431342
152 0C___.. _ ... ... 430341 A122110
154 OC 210120 1r22211c¢.
156 00 . €C0000 1112222210
158 00 0Cn000 20122222221
1690 09, . . €C0000 2222233333100,
162 00 €00000 0333353343100C
LA6e4 00 ... 0Q0000C _ 0233334443200C
166 00 C0000V 01233344433C0C
168_00 C00000 00023344443200
170 00 C00000 00023444444210
172 00 . 000000 00001224444320
L74 30 000000 0000000 1244431
Ar6 31 . .. _ 000000 . 2000C00C023443
178 32 €00000 JCCCCOTCCo0234

(e}

Figure 7-2 (concluded).—(e) Time 1835.
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Figure 7.3..—Histograms of error measures. {a) Individual errors. (b) Set minus individual errors. {c) TAV.

(d) TRZ minus TAV.
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Figure 7-6.—Vertical sections through MIT-LL cells A, B, and C.
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Figure 7-7.—Temporal characteristics of NSSL cell B.
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Section 8
CONCLUSIONS

It has been shown that intense storm cells can be usefully represented by digitized
weather data with a resolution of 1 to 2 km. Any deficiency in such resolution is partly -
compensated by the interpolation and extrapolation from adjacent data using the models
summarized below. This is important in reducing the quantity of input data required and
the number of parameters needed by the model. Height slices 2 km apart and a repetition
rate of four scans per hour seem adequate, but this judgment may be based on inadequate
sampling. Linear stratification in Z instead of log Z is useful for detailed storm core studies
but requires a large number of intensity levels in the input data unless only the most intense
cells are of interest. This may not be the case as higher frequencies come into use, which are
subject to greater attenuation by the lower intensity areas within a storm.

Using the above data and contours of constant reflectivity, it was found that--
(1) Individual horizontal contours of log Z are fairly well fitted by ellipses.

(2) Sets of contours for different reflectivities at a given time and height are very well
fitted by assumption of constant ellipse orientation, ellipticity, and uniform spac-
ing of ellipse centers on a straight line, about 20° ccw from the major axes.

(3) The ellipse areas in a set were found to vary directly with log Z, in agreement with
results of other observers.

(4) For related sets at different heights or lateral positions, fitted ellipse parameters
were found to vary slowly and uniformly except for the effect of vertical wind
shear, so that the best model appears to be nested, vertical elliptical cylinders.

Too few cells were studied to generalize the results, but an effective core diameter of about
3.5 km was indicated with a favored ellipse orientation of northeast to southwest for the
strongest storm studied.

A comparison was made of the attenuations along paths through the centers of five
horizontal sections of MIT-LL cell A as observed and as modeled by ellipse sets. The agree-
ment at three of the levels was excellent, but at two levels it was degraded because the ori-
‘entation of the core log Z = 4 ellipse remained relatively constant with height, whereas the
average rotated ccw. It may therefore improve the model for some purposes to use the core
orientation for the ellipse set instead of the average of the individual orientations.

Many more storm cells should be processed to verify the model parameters derived and
to suggest appropriate methods for treating splitting cells, or at least to indicate the magni-
tude of the problem.
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